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24. (Three Times Amended) The compound according 
to claim 38, wherein said compound is a compound of formula 
Ih: 
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26. (Twice Amended) A method of treating 
inflammatory diseases, autoimmune diseases, [viral diseases,] 
destructive bone disorders, [proliferative disorders,] 
infectious diseases, neurodegenerative diseases, 
reperf usion/ischemia in stroke, myocardial ischemia, renal 
ischemia, heart attacks, angiogenic disorders, organ hypoxia, 
vascular hyperplasia, cardiac hypertrophy, thrombin- induced 
platelet aggregation or conditions associated with 
prostaglandin endoperoxide synthase-2 in a patient, said 
method comprising administering to said patient a composition 
according to claim 25. 



38. (Three Times Amended) A compound of the 

formula : 

R R 
\ / 
Q 1 Y — Y Q 



\ 

N 




2 



N=(A)n 




NH 2 

(If) or 
wherein : 

each of Qi and Q 2 [are] is_ independently selected 
from 5-6 membered aromatic carbocyclic or heterocyclic ring 
systems, or 8-10 membered bicyclic ring systems consisting of 
aromatic carbocyclic rings, aromatic heterocyclic rings or a 
combination of an aromatic carbocyclic ring and an aromatic 
heterocyclic ring; [wherein:] 

Qx is substituted with 1 to 4 subst ituent s , 
independently selected from halo; C1-C3 alkyl optionally 
substituted with NR' 2 , OR ' , C0 2 R' or CONR ' 2 ; O- (C3.-C3) -alkyl 
optionally substituted with NR' 2 , OR', C0 2 R ' or CONR ' 2 ; NR 1 2 ; 
OCF 3 ; CF 3 ; N0 2 ; C0 2 R ' ; CONHR 1 ; SR ' ; S(0 2 )N(R') 2 ; SCF 3 ; CN; 
N(R')C(0)R 4 ; N ( R 1 ) C ( O ) OR 4 ; N (R ' ) C (O) C (O) R 4 ; N (R ' ) S (O a ) R 4 ; 
N(R')R 4 ; N(R 4 ) 2 ; OR 4 ; OC(0)R 4 ; OP(0) 3 H 2 ; or N=CH-N (R ' ) 2 ; [and] 

Q 2 is optionally substituted with up to 4 
substituents , independently selected from halo [ , ] j_ CH=N-OH[,]j_ 
[or] CH=0; C1-C3 straight or branched alkyl optionally 
substituted with NR' 2 , OR', C0 2 R » , S(0 2 )N(R') 2 , N=CH-N(R') 2 , R 3 / 
NH-CH 3 , NHCH 2 CH 2 OH, NHCH 2 CH (OH) CH 2 OH, CH 2 OCH 2 OCH 3 , NHCH 2 CH 2 NH 2 , 
NH-phenyl, piperazinyl, pyrrolidinyl or CONR ' 2 ; O- (C1-C3) -alkyl 
optionally substituted with NR ' 2 , OR', C0 2 R ' , S(0 2 )N(R') 2/ 
N=CH-N(R') 2 , R 3 , or CONR ' 2 ; NR ' 2 ; OCF 3 ; CF 3 ; N0 2 ; C0 2 R ' ; CONHR'; 
R 3 ; OR 3 ; NHR 3 ; SR 3 ; C(0)R 3 ; C(0)N(R')R 3 ; C(0)OR 3 ; SR * ; 
S(0 2 )N(R')2; SCF 3 ; N=CH-N(R') 2 ; [CH=N-OH; CH=0;] or CN; 



[wherein] R 1 is selected from hydrogen, 
(C1-C3) -alkyl ; (C 2 -C 3 ) -alkenyl or alkynyl; phenyl or phenyl 
substituted with 1 to 3 substituents independently selected 
from halo, methoxy, cyano, nitro, amino, hydroxy, methyl or 
ethyl ; 

R 3 is selected from a 5-6 membered aromatic 
carbocyclic or heterocyclic ring system; 

R 4 is (C1-C4) -alkyl optionally substituted with 
N(R') 2 , OR', C0 2 R', CON(R') 2 , or S0 2 N(R 2 ) 2 ; or a 5-6 membered 
carbocyclic or heterocyclic ring system optionally substituted 
with N(R') 2/ OR', C0 2 R', CON(R') 2 , or S0 2 N(R 2 ) 2 ; 

X is selected from -S-, -O- , -S(0 2 )-, -S(O)-, 
[-S(0 2 )-, N(R 2 )-,] -S (0 2 ) -N(R 2 ) -N (R 2 ) -S (0 2 ) - , -N (R 2 ) -C (O) O- , 
-O-C(O) -N(R 2 ) , -C(O) -, -C(0)0-, -O-C(O) -, -C (O) -N (R 2 ) -, 
-N (R 2 ) -C (O) - , -N (R 2 ) - , -C(R 2 ) 2 -, -C(OR 2 ) 2 -, or -CH(OH)-; 

each R is independently selected from hydrogen, -R 2 , 
-N(R 2 ) 2 , -OR 2 , SR 2 , -C(0) -N(R 2 ) 2 , - S (0 2 ) -N (R 2 ) 2 , or -C(0)-OR 2 , 
wherein two adjacent R are optionally bound to one another 
and, together with each carbon to which they are respectively 
bound, form a 4-8 membered carbocyclic or heterocyclic ring; 

R 2 is selected from hydrogen, (C1-C3) -alkyl , or 
(C!-C 3 ) -alkenyl ; wherein each (C x -C 3 ) -alkyl or (C 1 -C 3 ) -alkenyl 
is optionally substituted with -N(R f )2, -OR', SR * , 
-C (O) -N (R 1 ) 2 / -S (0 2 ) -N(R' ) 2 , -C(0)-OR*, or R 3 ; 

Y is C; 

A is CR ' ; and 

n is 1; wherein an aromatic heterocyclic ring system 
[comprises] consists of 1-2 heteroatoms independently selected 
from N, O or S . 

63. (Amended) A method of treating inflammatory 
diseases, autoimmune diseases, [viral diseases,] destructive 



bone disorders, [proliferative disorders,] infectious 
diseases, neurodegenerative diseases, reperf usion/ischemia in 
stroke, myocardial ischemia, renal ischemia, heart attacks, 
angiogenic disorders, organ hypoxia, vascular hyperplasia, 
cardiac hypertrophy, thrombin- induced platelet aggregation or 
conditions associated with prostaglandin endoperoxide 
synthase-2 in a patient, said method comprising administering 
to said patient a composition according to claim 62 . 

65. (Amended) A method of treating inflammatory 
diseases, autoimmune diseases, [viral diseases,] destructive 
bone disorders, [proliferative disorders,] infectious 
diseases,, neurodegenerative diseases, reperf usion/ischemia in 
stroke, myocardial ischemia, renal ischemia, heart attacks, 
angiogenic disorders, organ hypoxia, vascular hyperplasia, 
cardiac hypertrophy, thrombin- induced platelet aggregation or 
conditions associated with prostaglandin endoperoxide 
synthase-2 in a patient, said method comprising administering 
to said patient a composition according to claim 64 . 

67. (Amended) A method of treating inflammatory 
diseases, autoimmune diseases, [viral diseases,] destructive 
bone disorders, [proliferative disorders,] infectious 
diseases, neurodegenerative diseases, reperf usion/ischemia in 
stroke, myocardial ischemia, renal ischemia, heart attacks, 
angiogenic disorders, organ hypoxia, vascular hyperplasia, 
cardiac hypertrophy, thrombin- induced platelet aggregation or 
conditions associated with prostaglandin endoperoxide 
synthase-2 in a patient, said method comprising administering 
to said patient a composition according to claim 66. 



APPENDIX OF CLAIM AMENDMENTS 



6. (Amended) The compound according to claim 4, 
wherein Q z is selected from: 
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11. (Twice amended) The compound according to 
claim 38 , wherein X is selected from -S-, -0-, 
-S(0 2 )-, -S(0)-, [-NR-], -NR 2 - , [-C(R 2 )-], ~C(R 2 ) 2 - or 
-C(0)-. 



claim 38, wherein Q 3 substituted with 2 to 4 substituents , 
wherein at least one of said substituents is present in the 
ortho position relative to the point of attachment of Q3 to 
the [rest of the inhibitor] compound . 



wherein Q3 contains 1 to 2 substituents in addition to said 
ortho substituents, said additional substituents being 
independently selected froirTNR' 2 , OR', C0 2 R' , CN, N(R')C(0)R 4 ; 
N(R' )C(0)OR 4 ; N(R' )C(0)C(0)R 4 ; N(R' )S(0 2 )R 4 ; N(R')R 4 ; N(R 4 ) 2 ; 
OR 4 ; OC(0)R 4 ; OP(0) 3 H 2 ; or [N=C-N(R') 2 ] N=CH-N (R f ) 2 . 

22. (Twice amended) The compound according to claim 
38, wherein said compound is a compound- of formula Iej_ 



18. 



(Twice amended) The compound according to 



21. 



(Amended) The compound according to claim 19, 




NH 2 



and is selected from any one of the following compounds^ 
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23. (Twice amended) The compound according to claim 
38, wherein said compound is a compound of formula Igj_ 




and is selected from any one of the following compounds^ 
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and is selected from any one of the following compounds^ 
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26. A method of treating [or preventing] 
inflammatory diseases, autoimmune diseases , viral diseases, 
destructive bone disorders, proliferative disorders, 
infectious. diseases, neurodegenerative diseases, [allergies,] 
reperf usion/ischemia in stroke, myocardial ischemia, renal 
ischemia, heart attacks, angiogenic disorders, organ hypoxia, 
vascular hyperplasia, cardiac hypertrophy, thrombin-induced 
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platelet aggregation or conditions associated with 
prostaglandin [endoperoxidase] endoperoxide synthase-2 in a 
patient, said method comprising administering to said patient 
a composition according to claim 25. 

27. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] an 
inflammatory disease selected from acute pancreatitis, chronic 
pancreatitis, asthma, allergies, or adult respiratory distress 
syndrome. 

28. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] an 
autoimmune disease selected from glomerulonephritis, 
rheumatoid arthritis, systemic lupus erythematosus, 
scleroderma, chronic thyroiditis, Graves' disease, autoimmune 
gastritis, diabetes, autoimmune hemolytic anemia, autoimmune 
neutropenia, thrombocytopenia, atopic dermatitis, chronic 
active hepatitis, myasthenia gravis, multiple sclerosis, 
inflammatory bowel disease, ulcerative colitis, Crohn's 
disease, psoriasis, or graft vs. host disease. 

29. (Amended) The method according to claim 2 6, 
wherein said method is used to treat [or prevent] a 
destructive bone disorders selected from osteoarthritis, 
osteoporosis or multiple myeloma-related bone disorder. 

30. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] a 
proliferative disease selected from acute myelogenous 
leukemia, chronic, myelogenous leukemia, metastatic melanoma, 
Kaposi's sarcoma, or multiple myeloma. 
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31. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] an 
infectious disease selected from sepsis, septic shock, or 
Shigellosis . 

32. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] a viral 
disease selected from acute hepatitis infection, HIV infection 
or CMV retinitis. 

33. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] a 
neurodegenerative disease selected from Alzheimer's disease, 
Parkinson's disease, cerebral ischemia or neurodegenerative 
disease caused by traumatic injury. 

34. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] 
ischemia/reperf usion in stroke or myocardial ischemia, renal 
ischemia, heart attacks, organ hypoxia or thrombin-induced 
platelet aggregation. 

35. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] a condition 
associated with prostaglandin endoperoxide synthase-2 selected 
from edema, fever, analgesia or pain. 

37. (Amended) The method according to claim 26, 
wherein said method is used to treat [or prevent] an 
angiogenic disorder selected from solid tumors, ocular 
neovasculization, or infantile haemangiomas . 
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38. (Amended) A compound of the formula 




(Ie) (If) 
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R R R R 
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Q 3 is a 5-6 membered aromatic carbocyclic or 
heterocyclic ring system; or an 8-10 membered bicyclic 
ring system comprising aromatic carbocyclic rings, 
aromatic heterocyclic rings or a combination of an 
aromatic carbocyclic ring and an aromatic heterocyclic 
ring; wherein Q 3 is substituted with 1 to 4 substituents , 
each of which is independently selected from halo; C1-C3 
alkyl optionally substituted with NR' 2 , 0R f , C0 2 R' or 
CONR' 2 ; O- (C1-C3) -alkyl optionally substituted with NR' 2/ 
OR', C0 2 R' or CONR' 2 ; NR ' 2 ; 0CF 3 ; CF 3 ; N0 2 ; C0 2 R' ; [CONR' ] 
CONHR' ; SR' ; S(0 2 )N(R / )2/' SCF 3 ; CN; N(R' )C(0)R 4 ; 
N(R' ) C (O) OR 4 ; N (R' ) C (O) C ( O) R 4 ; N (R' ) S (0 2 ) R 4 ; N(R')R 4 ; 
N(R 4 ) 2 ; OR 4 ; OC(0)R 4 ; OP(0) 3 H 2 ; or [N=C-N(R') 2 ] N-CH-N(R / ) 2 ; 

each of Qi and Q 2 are independently selected 
from 5-6 membered aromatic carbocyclic or heterocyclic 
ring systems, or 8-10 membered bicyclic ring systems 
consisting of aromatic carbocyclic rings, aromatic 
heterocyclic rings or a combination of an aromatic 
carbocyclic ring and an aromatic heterocyclic ring; 
wherein : 



-'25 - 

Qi is substituted with 1 to 4 substituents, 
independently selected from halo; C1-C3 alkyl optionally 
substituted with NR' 2/ OR' , C0 2 R' or CONR' 2 ; 0- (C1-C3) - 
alkyl optionally substituted with NR' 2 / OR' , C0 2 R' or 
CONR' 2 ; NR' 2 ; OCF 3 ; CF 3 ; N0 2 ; C0 2 R' ; [CONR' ] CONHR' ; SR' ; 
S(0 2 )N(R') 2 ; SCF 3 ; CN; N(R')C(0)R 4 ; N (R' ) C (O) OR 4 ; 
N(R' )C(0)C(0)R 4 ; N <R' ) S (0 2 ) R 4 ; N(R')R 4 ; N(R 4 ) 2 ; OR 4 ; 
OC(0)R 4 ; OP(0) 3 H 2 ; or [N=C-N(R') 2 ] N=CH-N(R') 2 ; and 

Q 2 is optionally substituted with up to 4 
substituents, independently selected from halo, CH=N-OH, 
or CH=0 ; C1-C3 straight or branched alkyl optionally 
substituted with NR' 2/ OR', C0 2 R' , S(0 2 )N(R') 2 , N=CH- 
N(R') 2 , R 3 , NH-CH 3/ NHCH 2 CH 2 QH / NHCH 2 CH (OH) CH 2 OH, 
CH 2 OCH 2 OCH 3 , NHCH 2 CH 2 NH 2 , NH-phenyl, piperazinyl, 
pyrrolidinyl or CONR' 2 ; O- (C1-C3) -alkyl optionally 
substituted with NR' 2/ OR' , C0 2 R' , S(0 2 )N(R') 2 , [N=C- 
N(R') 2 ] N=CH-N (R' ) 2 / R 3 , or CONR' 2 ; NR' 2 ; OCF 3 ; CF 3 ; N0 2 ; 
C0 2 R' ; [CONR'] CONHR ' ; R 3 ; OR 3 ; [NR 3 ] NHR 3 ; SR 3 ; C(0)R 3 ; 
C(0)N(R' )R 3 ; C(0)OR 3 ; SR' ; S(0 2 )N(R') 2 ; SCF 3 ; [N=C-N(R') 2 ] 
N=CH-N(R') 2 ; CH=N-OH; CH=Q; or CN; 

wherein R' is selected from hydrogen, (C1-C3) - 
alkyl; (C 2 -C 3 ) -alkenyl or alkynyl; phenyl or phenyl 
substituted with 1 to 3 substituents independently 
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selected from halo, methoxy, cyano, nitro, amino, 
hydroxy, methyl or ethyl; 

R 3 is selected from a 5-6 membered aromatic 
carbocyclic or heterocyclic ring system; and 

R 4 is (C1-C4 ) -alkyl optionally substituted with 
N(R') 2 , OR', C0 2 R' , CON(R') 2 , or S0 2 N(R 2 ) 2 ; or a 5-6 
membered carbocyclic or heterocyclic ring system 
optionally substituted with N(R')2/ OR', C0 2 R' , CON(R') 2 , 
or S0 2 N(R 2 ) 2 ; 

X is selected from -S-, -O-, -S(0 2 )-, -S(0)-, 
-S (0 2 ) -N(R 2 ) - , -N(R 2 ) -S (0 2 ) -N (R 2 ) -C (0) 0-, -0-C (0) -N(R 2 ) , 
-C(0)-, -C(0)0-, -0-C(0)-, -C(0)-N(R 2 )-, -N (R 2 ) -C (0) -, 
-N(R 2 )-, -C(R 2 ) 2 -, -C(QR 2 ) 2 - , -CH(OH)- ; 

each R is independently selected from hydrogen, -R 2 , 
-N(R 2 ) 2 , -OR 2 , SR 2 , -C(0)-N(R 2 ) 2 , -S (0 2 ) -N (R 2 ) 2 , or -C (0) - 
OR 2 , wherein two adjacent R are optionally bound to one 
another and, together with each Y to which they are 
respectively bound, form a 4-8 membered carbocyclic or 
heterocyclic ring; 

R 2 is selected from hydrogen, (C1-C3) -alkyl, or 
(C1-C3) -alkenyl ; each optionally substituted with -N(R') 2 , 
-0R f , SR', -C(0)-N(R / ) 2 , -S (0 2 ) -N(R f ) 2 , -C(0)-OR', or 
R 3 [.]i_ 

Y is C; 



A is CR' ; and 

n is 1 ; wherein an aromatic heterocyclic ring 
system comprises 1-2 heteroatoms independently selected 
from N, 0 or S [and Ri is selected from hydrogen, (C3.-C3) 
alkyl, OH, or 0- (C1-C3) -alkyl] . 
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Abstract We examined the role of p38 mitogen-activated 
protein (MAP) kinase in the tumor necrosis factor a (TNF-a)- 
or interleukin-lp (IL-l($)-induced production of interleukin-6 
(IL-6) and interleukin-8 (IL-8) in fresh rheumatoid synovial 
fibroblast (RSF) cultures concomitantly with the induction of p38 
MAP kinase activity. Pretreatment of RSF with a specific p38 
MAP kinase inhibitor, SB203580, blocked the induction of IL-6 
and IL-8 without affecting nuclear translocation of nuclear 
factor kB (NF-kB) or IL-6 and IL-8 mRNA, levels. These 
findings suggest that p38 MAP kinase inhibitor may have 
synergistic, rather than additive, effect for the treatment of 
rheumatoid arthritis. 

© 2000 Federation of European Biochemical Societies. 

Keywords: Rheumatoid arthritis; p38 MAP kinase; 
Inflammatory cytokine; NF-kB 



1. Introduction 

Rheumatoid arthritis (RA) is characterized as chronic and 
progressive inflammatory processes of the affected joints with 
systemic immunological abnormalities leading to synovial hy- 
perplasia and joint destruction. Cytokines that are abundantly 
produced in the inflamed rheumatoid synovial fluid, such as 
tumor necrosis factor a (TNF-a), interleukin-lfj (IL-lfi), in- 
terleukin-6 (IL-6), and interleukin-8 (IL-8) play crucial roles 
in the pathophysiology of RA. Among these cytokines, TNF- 
a and IL-1|3 are considered indispensable for RA pathogene- 
sis since they are known to induce IL-6, IL-8, and themselves 
through activation of a cellular transcription factor nuclear 
factor kB (NF-kB) [I]. On the other hand, TNF-a and IL- 
lp induced a rapid increase in p38 mitogen-activated protein 
kinase (p38 MAP kinase) phosphorylation and the subsequent 
activation of its enzyme activity [2-4]. Thus, we determined 
the roles of p38 MAP kinase in IL-6 and IL-8 production 
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Abbreviations: RA. rheumatoid arthritis: RSF. rheumatoid synovial 
fibroblasts; p38 MAP kinase, p38 mitogen-activated protein kinase; 
TNF-a. tumor necrosis factor a; IL-I(5. interleukin-ip: IL-6, inter- 
leukin-6; IL-8. interleukin-8; RT-PCR, reverse transcription-polymer- 
ase chain reaction; NF-kB, nuclear factor kB 



using a specific inhibitor SB203580 [5]. In this study we dem- 
onstrate that SB203580 inhibits IL-6 and IL-8 production 
without affecting the steady-state mRNA levels of IL-6 and 
IL-8 or blocking NF-kB activation as viewed by its nuclear 
translocation. 

2. Materials and methods 

2.1. Reagents 

Recombinant human TNF-a (TNF-a) and recombinant human 
IL-lp (IL-lp) were purchased from Roche Diagnostics. Anti-p38 
MAP kinase polyclonal antibody and GST-ATF-2 (1-96) were from 
Santa Cruz Biotechnology. The specific antibodies to the phosphory- 
lated form of p38 MAP kinase at threonine 180 and tyrosine 182 and 
to the phosphorylated ATF-2 (phosph-ATF-2) were from New Eng- 
land Biolabs. Protein A Sepharose CL-4B was purchased from Amer- 
sham Pharmacia Biotech. Rabbit polyclonal antibodies to human NF- 
kB subunits, p65 and p50, were from Santa Cruz Biotechnology. The 
specific inhibitor for p38 MAP kinase SB203580, a pyridinyl imidazole 
compound, was purchased from Calbiochem and was dissolved in 
DMSO. 

2.2. Cells 

Rheumatoid synovial fibroblasts (RSF) were isolated as previously 
reported [6-8] from the fresh synovial tissue biopsy samples from 
active three RA patients at total arthro-replacement or arthroscopic 
synovectomy, as defined by the clinical criteria of the American Rheu- 
matism Association [9], Written informed consent was obtained from 
each patient. The data obtained using RSF are presented in this pa- 
per, since the same results were obtained qualitatively using RSF 
derived from RA patients. Briefly, the tissue samples were minced 
into small pieces and treated with I mg/ml collagenase/dispase (Roche 
Diagnostics) for 10-20 min at 37°C. The cells obtained were cultured 
in F-12 (Hams) (Life Technologies) supplemented with 10% fetal calf 
serum, 100 U/ml of penicillin. 100 ug/ml of streptomycin and 0.5 mM 
2-mercaptoethanoi. The culture medium was changed every 3-5 days 
and non-adherent lymphoid cells were removed. Adherent cell subcul- 
tures were maintained in the same medium and harvested by trypsi- 
nization (trypsin/EDTA, Life Technologies) every 7-10 days before 
they reached cellular confluency. All the experiments described here 
were conducted using the RSF during the fifth to the tenth passage to 
characterize the phenotype of adherent cells. 

2.3. Western blot analysis 

RSF cultures at approximately 80% confluency in 60 mm dishes in 
F-12 with* various treatment were harvested and the total cell extract 
was prepared according to the method previously described [8]. 
Briefly, treated cells were washed twice with cold PBS and suspended 
in 0.2 ml ice-cold total cell extract (TOTEX) buffer (20 mM HEPES- 
KOH (pH 7.9). 350 mM NaCI. 1.0 mM MgCl 2 , 20% glycerol. 1.0% 
NP-40, 0.5 mM EDTA. 0.1 mM ECTA, 1.0 mM DTT, 0.5 mM 
PMSF, 20 mM P-glycerophosphate, 0.1 mM NajVOa. and 1.0 ug/ 
ml each of aprotinin, pepstatin. leupeptin) with scraping. The solubi- 
lized cell homogenate was harvested and centrifuged at lOOOOxg for 
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30 min at 4°C, and the resultant supernatant was used for further 
analysis. Protein contents were determined with the DC Protein Assay 
kit (Bio-Rad). Equal amounts of protein were loaded on 10% SDS 
polyacrylamide gel. Proteins were separated electrophoretically and 
transferred to nitrocellulose membrane (Hybond-C Super; Amersham 
Pharmacia Biotech). The protein-blotted membranes were blocked 
with 5% (w/v) fat-free dry milk in phosphate-buffered saline with 
0.05% Tween 20 (PBS-T) for over-night at 4°C. They were then in- 
cubated for 1 h at room temperature with anti-phospho p38 MAP 
kinase antibody at 1:500 dilution in PBS-T containing 1% bovine 
serum albumin. After washing three times for 5 min~with PBS-T 
solution, blots were further incubated for 1 h at room temperature 
with donkey anti-rabbit IgG antibody coupled to horseradish peroxi- 
dase (Amersham Pharmacia Biotech) at 1:2000 dilution in 5% skim 
milk in PBS-T and washed three times in PBS-T before visualization. 
The phosphorylated p38 MAP kinase was detected by anti-phospho- 
specific p38 MAP kinase antibody by Western blot analysis and de- 
tected by SuperSignal Substrate Western Blotting (Pierce) for en- 
hanced chemiluminescence. 

2.4. Immune complex kinase assay for p38 MAP kinase activity 

The p38 MAP kinase activity in RSF cultures was examined ac- 
cording to the method of Livingstone et al. [4], Briefly, the soluble 
proteins in the cell lysate were immunopreci pita ted with anti-p38 
MAP kinase antibody for overnight at 4°C and further incubated 
with protein A Sepharose beads for 1 h. The beads were washed three 
times with 500 u.1 of ice-cold wash buffer (20 mM HEPES (pH 7.7), 
50 mM NaCI, 2.5 mM MgCl 2 , 0.1 mM EDTA, 0.05% Triton X). The 
immune complex kinase assay was then performed using GST-ATF-2 
(as a substrate) for 30 min at 30°C in 300 u.1 of kinase reaction buffer 
(5 ng/ml of GST-ATF-2, 20 mM HEPES (pH 7.6), 20 mM MgCl 3 , 
20 mM ^-glycerophosphate, 2.0 mM DTT) containing 200 uM ATP. 
The reaction was terminated with Laemmli SDS-PAGE loading buffer 
and the proteins were boiled for 5 min. Equal amounts of protein 
samples were loaded on 10% SDS-PAGE. The gel was blotted on a 
nitrocellulose membrane (Hybond-C super). After membranes were 
blocked with 5%i (w/v) fat-free dry milk in PBS-T for overnight at 
4°C, they were incubated at room temperature for 1 h with phospho- 
ATF-2 antibody at 1:1000 dilution. Then, after washing for three 
times with PBS-T, they were reacted with the secondary antibody, 
donkey anti-rabbit IgG antibody coupled to horseradish peroxidase, 
at 1:2000 dilution. Blots were washed three times in PBS-T before 
visualization using SuperSignal Substrate Western Blotting. 

2.5. Cytotoxicity assay 

In order to examine the cytotoxicity of SB203580, the cell viability 
of RSF upon treatment with SB203580 at various concentrations of 
this compound was determined using WST-1 (Roche Diagnostics) 
according to the manufacturer's protocol. RSF cultures were incu- 
bated with SB203580 in a 96 well plate, incubated for 4 h in the 
presence of WST-1, and the dissolved formazan was measured at 
450 nm by spectrophotometry. 

2.6. Cytokine assays 

The cytokine concentrations in RSF culture supernatant under var- 
ious conditions were determined using cytokine-specific ELISA kits 
for IL-6. IL-8 and VEGF (Biotrak human ELISA kits: Amersham 
Pharmacia Biotech). All the procedures were carried out as recom- 
mended by the manufacturer. Triplicates were used for each test con- 
dition in the three independent cultures. The statistical significances of 
difference in the mean cytokine production were evaluated by the /- 
test. 

2. 7. Immunofluorescence 

In order to determine subcellular localization of NF-kB. RSF were 
cultured in four well LabTek chamber slides (Nalge Nunc Interna- 
tional) and allowed to adhere for 72 h. Cells were then stimulated 
with 10 ng/ml TNF-ct or 20 ng/ml IL-13 with or without pretreatment 
for 1 h with 30 uM SB203580. Indirect immunofluorescence staining 
using specific anti-NF-icB antibodies was performed as reported [6-8]. 
Briefly, the cells were fixed in PBS containing 4.5% paraformaldehyde 
for 10 min at room temperature and then permeabilized by 0.5% 
Triton X- 100 in PBS for 20 min at room temperature. They were 
then incubated with rabbit polyclonal antibody against p65 or p50 
NF-icB subunits (Santa Cruz Biotech) for 45 min at T7°C. After wash- 
ing with PBS. the cells were incubated with FITC-conjugated goat 



anti-rabbit (whole IgG) antibody (Cappel Organon Teknika.. Durham, 
NC, USA) for 20 min at 37°C. Subcellular localization was deter- 
mined using a fluorescent microscope. 

2.8. Semi-quantitation of IL-6 and IL-8 mRNA by reverse 
transcript ion-polymerase chain reaction (RT-PCR) 
Total cellular RNA was prepared from RSF with TRIzoI reagent 
(Life Technologies) according to the manufacturers instructions. Am- 
plification of IL-6. IL-8, and p-actin mRNA was performed using a 
commercial RT-PCR system (Titan® One Tube RT-PCR System; 
Roche Diagnostics). Gene specific oligonucleotide primers to human 
IL-6, IL-8 and human P-actin were purchased from CLP. PCR reac- 
tions were performed according to the manufacturer's protocol and 
the products were analyzed following 5. 10, 15, 20, or 30 cycles of 
amplification and were resolved on a 1.5% agarose gel, stained by 
ethidium bromide and visualized under an ultraviolet (UV) light. 



3. Results 

3.1. Activation of p38 MAP kinase by TNF-a during induction 
of IL-6 and IL-8 
TNF-a and IL-lp are known to induce production of var- 
ious cytokines including IL-6 and IL-8 in fibroblasts [6-8]. In 
order to examine the involvement of p38 MAP kinase in in- 
duction of IL-6 and IL-8 by TNF-a or IL-ip, we have exam- 
ined if p38 MAP kinase is activated in RSF cultures. In Fig. 
I A, RSF were treated with TNF-a (10 ng/ml) and the p38 
MAP kinase activity was measured by immune complex ki- 
nase assay using recombinant GST-ATF2 protein as a sub- 
strate. The increase of p38 MAP kinase activity was observed 
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Fig. I. Activation of p38 MAP kinase in the. fresh RSF cultures 
and the effect. of a p38 MAP kinase inhibitor SB203580. A: In vitro 
activation of p38 MAP kinase. RSF were treated with 10 ng/ml of 
TNF-a and p38 MAP kinase activity was measured by immune 
complex kinase assay using recombinant GST-ATF2 protein as a 
substrate (upper panel). The phosphorylated form of p38 MAP ki- 
nase at Thr-180 and Tyr-182 was demonstrated by Western biot 
analysis using a specific antibody against the phosphorylated form 
of p38 MAP kinase (lower panel). The same protein samples were 
probed with antibody to P-tubulin as an internal control. B: Effects 
of SB203580 on p38 MAP kinase activity detected by immune com- 
plex kinase assay. RSF were pretreated for 1 h with various concen- 
trations (0.1, 1. 10. 30 uM) of SB203580 and were stimulated with 
10 ng/ml of TNF-a for 30 min. The cell lysate was immunoprecipi- 
tated with anti-p38 MAP kinase antibody and the p38 MAP kinase 
activity was measured with purified recombinant GST-ATF2 as de- 
scribed in Section 2. 
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p38 MAP kinase (at Thr-180 and Tyr-182). These phosphor- 
ylations on p38 MAP kinase, indicating its activation, became 
detectable after 15 min of TNF-a stimulation and disappeared 
after 60 min, Which was consistent with the results of immune 
complex kinase assay (upper panel). Similar results were ob- 
tained when RSF were stimulated with IL-ip (data not 
shown). 

These results establish that the p38 MAP kinase pathway is 
rapidly activated in RSF by the actions of proinflammatory 
cytokine as previously reported with various cell lines [3,10]. 

In Fig. IB, RSF were pretreated for 1 h with SB203580 and 
stimulated with 10 ng/ml of TNF-a for 30 min. Cell lysates 
were prepared and subjected to the immune complex kinase 
assay using GST-ATF2 as a substrate. The TNF-a treatment 
stimulated p38 MAP kinase activity. However, prelreatment 
with SB203580 prevented this increase of p38 MAP kinase 
activity in a dose-dependent manner. At 30 U.M SB2O3580, 
p38 MAP kinase activity was inhibited almost to the basal 
level. 
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Fig. 2. Effects of a SB203580 on the induced production of 1L-6 
and IL-8 in RSF. The levels of IL-6 and IL-8 were measured by 
ELISA systems. At least three independent RSF cultures were ex- 
amined and the representative results are shown. The experiments 
were performed in triplicates and the results represent the 
mean + S.D. A: SB203580 (SB) inhibited IL-6 and IL-8 production 
in a dose-dependent manner. Ceils were treated with SB203580 for 
I h prior to stimulation with IL-lg (20 ng/ml) (□) or TNF-a (10 
ng/ml) (■) for 12 h. (O) means no treatment with TNF-a or IL-lp. 
Statistical significance: *, / > <0.05; *\ / > <0.01; n.s., not signifi- 
cant. B: Cytotoxicity of SB203580 in RSF cultures. 

as fast as 15 min of stimulation and reached its maximum 
after 30 min by TNF-a treatment (about six fold increase 
by densitometric measurement). Moreover, we demonstrated, 
in the lower panel of Fig. 1 A t that the amount of phosphor- 
ylation form of p38 MAP kinase at Thr-180 and Tyr-182 was 
readily increased as demonstrated by Western blot analysis 
using a specific antibody against the phosphorylated form of 
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Fis. 3. Transcription of IL-6 or IL-8 was not affected by the p38 
MAP kinase inhibitor SB203580. A: The effect of SB203580 on the 
steady-state level of IL-6 and IL-8 mRNA. RSF were pretreated lor 
1 h with 30 uM of SB203580 and stimulated for 12 h with 10 ns/ml 
of TNF-a (left) or 20 ng/ml of IL-lp (right). The steady-state 
mRNA levels for IL-6 and IL-8 were examined by RT-PCR. B - 
The effect of SB203580 on the nuclear translocation of NF-kB inai 
was induced by TNF-a or IL-ip. Indirect immunofluorescence r wa* 
carried out with rabbit polyclonal antibody against NF-kB t> UI 
p65. The cells were similarly treated with SB203580 and TNM* ° 
IL-lp as in (A). 
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3.2. Suppression of the IL-6 and IL-8 induction by a p38 MAP 
kinase inhibitor SB203580 

In order to evaluate the effect of p38 MAP kinase on the 
induction of IL-6/IL-8 production by TNF-a or IL-lp, the 
effect of SB203580, a p38 MAP kinase inhibitor, was exam- 
ined. As shown in Fig. 2, RSF cultures were stimulated with 
TNF-a (10 ng/ml) or IL-ip (20 ng/ml), and concentrations of 
IL-6 and IL-8 in the cell culture supernatant were measured 
after 12 h of stimulation. After 12 h of stimulation by TNF-a 
(10 ng/ml), the extents of augmentation were 3 and 26 fold for 
IL-6 and IL-8, respectively. Similarly, after .12 h of stimulation 
by of IL-ip (20 ng/ml), IL-6 and IL-8 production were aug- 
mented by 12 and 75 fold, respectively. When the RSF was 
pretreated with various concentrations of SB203580 (up to 
30|iM) for 1 h before the treatment with TNF-a or IL-1(3, 
the extents of induction of IL-6 and IL-8 by either TNF-a or 
IL-ip were significantly reduced by SB203580 in a dose-de- 
pendent manner. Similar profiles of suppression were ob- 
served with RSF cultures from other RA patients (data not 
shown). The basal levels of IL-6 and IL-8 production, without 
TNF-a or IL-ip treatment, were not significantly affected. 
For example, at 10 uM SB203580 the IL-ip-stimulated IL-6 
and IL-8 production were inhibited by 50.8% and 53%, re- 
spectively (both statistically significant, P<0.0\). Similarly, 
the TNF-a-mediated inductions were inhibited by 30.7% 
and 38.5% for IL-6 and IL-8, respectively (/ > <0.0I). In con- 
trast, the concentration of VEGF, known not to be under the 
control of NF-kB, in the supernatant of RSF cultures stimu- 
lated by TNF-a or IL-ip were not significantly reduced. 
Moreover, SB203580 at these concentrations did not show 
significant cytotoxicity (Fig. 2B). These findings indicate that 
a p38 MAP kinase inhibitor SB203580 suppressed the levels of 
IL-6 and IL-8 that were induced by TNF-a or IL-ip at non- 
cytotoxic concentrations. Thus, the effect of p38 MAP kinase 
on IL-6 and IL-8 production appeared to be specific. 

3.3. The lack of evidence that p38 MAP kinase inhibitor acts 
on and IL-8 transcription 

Since it was reported previously that p38 MAP kinase is 
involved in gene expression at the post-transcriptional level 
[11,12], we examined the effect of SB203580 on the steady- 
state level of IL-6 and IL-8 mRNA. RSF was pretreated for I 
h with 30 uM of SB203580, and then TNF-a (10 ng/ml) or IL- 
ip (20 ng/ml) was added for a further 12 h. Total RNA 
samples were prepared from these cells and the steady-state 
mRNA levels for IL-6 and IL-8 were examined by RT-PCR. 
A series of PCR reactions were monitored for amplification of 
IL-6 and IL-8 mRNA at 5, 10, 15, 20 and 30 cycles of PCR. 
At PCR cycles over 20, there was no difference in intensity of 
the gene-specific bands. Thus, the results shown in Fig. 3A 
represent the amplified band for IL-6 and IL-8 mRNA de-. 
tected at 15 cycles of the RT-PCR. As demonstrated in Fig. 
3A,.SB203580 even at the highest concentration (30 (iM) did 
not significantly inhibit the induction of IL-6 and IL-8 
mRNA. Since NF-kB is known to play a crucial role in IL- 
6 and IL-8 induction as a positive transcriptional regulator, 
we examined whether SB203580 could affect the nuclear trans- 
location of NF-kB, as an indication of its signal-induced ac- 
tivation, stimulated by TNF-a or IL-ip. To determine the 
subcellular distribution of NF-kB, indirect immunofluores- 
cence was performed with rabbit polyclonal antibody against 
NF-kB subunit p65. As shown in Fig. 3B, p65 was localized in 



the cytoplasm of unstimulated RSF. When the cells were 
stimulated with 10 ng/ml of TNF-a or 20 ng/ml of IL-lp, 
p65 was translocated to the nucleus within 30 min as we 
previously reported [6-8 J 3]. We further examined whether 
this nuclear translocation could be blocked by SB203580. 
When RSF were pretreated for 1 h with SB203580 (30u.M), 
at which concentration the induction of IL-6 and IL-8 pro- 
duction was remarkably suppressed (Fig. 3A), the nuclear 
translocation of NF-kB was not blocked. 

4. Discussion 

Accumulating evidences have incriminated various cyto- 
kines and their interactions in pathophysiology of RA [8]. 
Among these cytokines, TNF-a and IL-ip are considered to 
play crucial roles [6-8]. These notions have been confirmed by 
demonstration of clinical efficacies of antibodies against TNF- 
a [14,15], IL-6 [16] and IL-1 antagonists [17] in the treatment 
of RA synovitis. Induction of IL-6 and IL-8 by IL-1 (3 or 
TNF-a is mediated by intracellular signal transduction cas- 
cades involving a number of protein kinases. In addition to a 
common kinase pathway involving IkB kinases that lead to 
NF-kB activation [1,18,19], both IL-ip and TNF-a signaling 
cascades include three distinct types of MAP kinases (p42/p44, 
p54/JNK, and p38) [10,20]. 

We were particularly interested in p38 MAP kinase since 
SB203580 had been initially identified as a potent inhibitor of 
inflammatory cytokine production from THP-1 cells by ran- 
dom screening and p38 MAP kinase was identified as the 
specific target molecule . [5]. In fact, previous reports have 
demonstrated that p38 MAP kinase is involved in the induc- 
tion of inflammatory cytokines [5,10,21,22]. 

In this paper we confirmed that in the fresh RSF cultures 
prepared from RA patients either TNF-a or IL-ip could in- 
duce phosphorylation (and activation) of p38 MAP kinase 
within 15 min followed by augmented production of IL-6 
and IL-8 (Fig. 1A).-As expected, SB203580 could block p38 
MAP kinase activity and cytokines (IL-6 and IL-8) induction 
in RSF (Figs. IB and 2). Although earlier studies reported 
that p38 MAP kinase appeared to be involved in the nuclear 
translocation (signal-induced activation) of NF-kB and tran- 
scriptional initiation of the genes under the control of NF-kB 
[23,24], we did not see any effect of SB203580 on the NF-kB 
nuclear translocation nor steady-state levels of IL-6 and IL-8 
mRNA even at the highest concentration of SB203580 (Fig. 
3), which was consistent with recent studies by others using 
fibroblast cell lines. 

There are a number of reports regarding the mechanism of 
SB203580 in blocking the induced production of inflamma- 
tory cytokines such as IL-6 and IL-8 by stimulation with 
proinflammatory cytokines, TNF-a or IL-ip [6,25]. However, 
the mechanism of its action is still controversial. For example, 
Beyaert et al. [3] reported that the NF-KB-dependent gene 
expression was inhibited by SB203580 in a mouse fibrosarco- 
ma cell line L929 stably transfected with a NF-KB-dependent 
chloramphenicol acetyl transferase (CAT) plasmid, Yet, 
SB203580 did not affect the TNF-induced DNA-binding of 
NF-kB or phosphorylation of NF-kB or IkB. In contrast, 
Miyazawa et al. [26] showed that SB203580 did not block 
transient expression of luciferase gene under the control of 
IL-6 promoter in a transient assay with synovial fibroblasts. 
They claimed that the effect of SB203580 might be post-tran- 
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scriptional since the transcriptional initiation of the TNF-in- 
duced IL-6 mRNA level was not suppressed at all by 
SB203580 in a nuclear run-on assay using the isolated nuclei 
of the TNF-stimulated synovial fibroblasts. Similarly to our 
observations, Caivano [II] and Pietersma et al. [12] reported 
that SB203580 blocked production of inducible nitric oxide 
synthetase and intercellular cell adhesion molecule 1, respec- 
tively, without affecting the mRNA levels as observed by RT- 
PCR. 

Our findings together with others demonstrated clearly that 
p38 MAP kinase is involved in the TNF-a- or IL-lp-induced 
production of inflammatory cytokines independently from the 
NF-kB cascade. Many of anti-rheumatic drugs currently used 
for the treatment of RA patients are known to block the NF- 
kB pathway at various steps, such as inhibition of IkB kinases 
by aspirin [27,28] and Sulindac [29] and inhibition of NF-kB 
DNA-binding by gold [7,30]. Thus, use of p38 MAP kinase 
inhibitors such as SB203580 and its derivatives should have 
synergistic, rather than additive, effects in combination with 
conventional anti-rheumatic drugs in blocking the production 
of inflammatory cytokines, cell adhesion molecules and induc- 
ible nitric oxide synthetase that participate in the mainte- 
nance and expansion of rheumatoid inflammation. It may 
also circumvent side effects of conventional anti-rheumatic 
therapy without losing therapeutic efficacies. 
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ABSTRACT 

SB 203580 [4-(4-fluorophenyl)-2-(4-methyIsulfiny!phenyl)-5-(4- 
pyridyl)imidazole] t a selective cytokine suppressive binding 
protein/p38 kinase inhibitor, was evaluated in several models of 
cytokine inhibition and inflammatory disease. It was demon- 
strated clearly to be a potent inhibitor of inflammatory cytokine 
production in vivo in both mice and rats with IC 50 values of 1 5 
to 25 mg/kg. SB 203580 possessed therapeutic activity in 
cilagen-induced arthritis in DBA/LACJ mice with a dose of 50 
mg/kg resulting in significant inhibition of paw inflammation and 
serum amyloid protein levels. Antiarthritic activity was also 
observed in adjuvant-induced arthritis in the Lewis rat when SB 
203580 was administered p.o. at 30 and 60 mg/kg. Evidence 
for disease-modifying activity in this model was indicated by an 
improvement in bone mineral density and by histological eval- 



uation. Additional evidence for beneficial effects oh bone re- 
sorption was provided in the fetal rat long bone assay in which 
SB 203580 inhibited 4S Ca release with an IC 50 of 0.6 u,M. In 
keeping with the inhibitory effects on lipopolysaccharide-in- 
duced tumor necrosis factor-a in mice, SB 203580 was found 
to reduce mortality in a murine model of endotoxin-induced 
shock. In immune function studies in mice treated with SB 
203580 (60 mg/kg/day for 2 weeks), there was some suppres- 
sion of an antibody response to ovalbumin, whereas cellular 
immune functions measured ex vivo were unaffected. This 
novel profile of activity strongly suggests that cytokine inhibi- 
tors could provide significant benefit in the therapy of chronic 
inflammatory disease. 



Cytokines such as IL-1 and TNF-a play a predominant role 
during inflammatory responses and autoimmune disease 
(Dinarello, 1991). Evidence for their key participation in 
acute and chronic inflammation has been provided by the 
demonstration that protein antagonists such as IL-lra and 
monoclonal antibodies to TNF-a, and its soluble receptor, can 
interfere with various acute and chronic inflammatory re- 
sponses. Another approach to the control of proinflammatory 
cytokines is to inhibit their production, ideally through the 
use of p.o. active low molecular weight compounds. One class 
of compounds that is effective in this respect is the pyridinyl 
imidazoles which have been shown to inhibit cytokine pro- 
duction in vitro, and in vivo they can attenuate the inflam- 
matory components of disease in the absence of generalized 
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immunosuppression (Griswold et al., 1988; Lee et al., 1993; 
Reddy et al, 1994). 

SB 203580 [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyD- 
5-(4-pyridyl)imidazole] (fig. 1) is a member of a new series of 
pyridinyl imidazole compounds which inhibit IL-1 and 
TNF-a production from LPS-stimulated human monocytes 
and the human monocyte cell line THP-1 with IC 50 values of 
50 to 100 nM (Lee et al, 1994a,b; Gallagher et al, 1995). The 
term CSAID™ has been coined for these compounds and they 
have shown activity in a number of animal models of acute 
and chronic inflammation (Lee et al, 1993). The molecular 
target of SB 203580 and related compounds has been iden- 
tified as a pair of closely related mitogen-activated protein 
kinase homologs, alternatively termed CSBP (Lee et al, 
1994b), p38 (Han et al:, 1994) or RK (Rouse et al, 1994). The 
binding of. the CSAID™ compounds to the target CSBP in 



ABBREVIATIONS: IL, interleukin; TNF, tumor necrosis factor; LPS lipopolysaccharide; CSBP, cytokine suppressive binding protein; CO, 
cyclooxygenase; RAP, rapamycin; RPMI, Roswefl Park Memorial Institute; Con A, concanavalin A; OVA, ovalbumin; CFA t complete Freund's 
adjuvant; SAP, serum amyloid protein; AA, adjuvant arthritis; BMD, bone mineral density; BMC, bone mineral content; DXA, dual X-ray 
absorptiometry; PTH, parathyroid hormone; gal, galactosamine; LO, 5-lipoxygenase. 
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Fig. 1. Structure of SB 203580. 

THP.l cytosol correlates with their cytokine biosynthesis 
inhibition (Lee et al, 1994b), indicating a role for CSBP in 
the production of cytokines in response to various stimuli 
(Lee and Young, 1996). 

Compounds structurally related to SB 203580 have been 
tested previously in a number of animal models for their 
anti-inflammatory activity, including collagen-induced ar- 
thritis (Griswold et al, 1988) and endotoxin shock (Badger et 
al, 1989; Olivera et al, 1992). These models are relatively 
insensitive to CO inhibitors, which adds credence to the 
cytokine suppressive nature of the CSAID™ molecules. In 
this manuscript, we show that cytokine inhibition with SB 
203580 has beneficial effects in animal models of disease 
with only minor effects on immune function. 

Materials and Methods 

Animals. DBA/1 LACJ, BALB/c and C57BL/6 male mice were 
obtained from Jackson Laboratories (Bar Harbor, ME). Male Lewis 
rats were obtained from Charles River Laboratories (Raleigh, NC.) 
Within any given experiment, only animals of the same age were 
used. All experimental procedures were in accordance with National 
Institutes of Health guidelines and were reviewed by the SmithKline 
Beecham Animal Care and Use Committee (King of Prussia, PA) 

Materials. SB 203580 [4-(4-fluorophenyl)-2-(4-methylsulfinyl. 
phenyl)-5-(4-pyridyl)imidazole] was synthesized at SmithKline 
Beecham Pharmaceuticals (fig. 1). For in vivo assays, SB 203580 was 
administered p.o. in 0.03 N HCl-0.5% tragacanth (Sigma Chemical 
Co., St. Louis, MO) at the doses indicated. RAP was prepared by 
fermentation at SmithKline Beecham Pharmaceuticals (Brockham 
Park, UK). RPMI 1640 was obtained from Flow Laboratories (Rock- 
ville, MD and contained 10% fetal bovine serum, 100 U/ml of peni- 
cillin, 100 ug/ml of streptomycin and 2 mM L-glutamine (GIBCO, 
Grand Island, NY). This medium will be known as RPMI- 10. Con A 
was obtained from Pharmacia Fine Chemicals (Piscataway, NJ). 
Endotoxin (LPS) was either Escherichia coli t type W or Salmonella 
typhosa (Difco Laboratories, Detroit MI) and OVA was from Sigma. 

LPS-induced TNF production in mice and rats. BALB/c male 
mice in groups of three to five were treated with vehicle or compound 
by p.o. gavage and 30 min later the animals were injected i.p. with 25 
M-g/mouse of endotoxin (E. coli, type W, Difco). Two hours later, the 
animals were euthanized by carbon dioxide asphyxiation and plasma 
was obtained from individual animals by collecting blood into hepa- 
rinized tubes. The samples were clarified by centrifugation at 
12,500 x g for 5 min at 4 D C. The supernatants were decanted to new 
tubes (may be stored at -20°C) and were assayed for mouse TNF-a 
by ELISA (Olivera et al,, 1992). The range of sensitivity of the ELISA 
is 25 to 800 pg/ml of mouse TNF-a. For the induction of TNF-a in 
Lewis rats, the animals were treated with SB 203580 30 min before 
the injection of LPS (30 fig/kg i.p.). TNF-a levels were measured 90 
min later by ELISA. 

Collagen-induced arthritis. Type II collagen arthritis was in- 
duced in male DBA/1 LACJ mice (30-35 g, Jackson Laboratories) by 
the method of Wooley (1988). The mice were primed with an emul- 
sion consisting of CFA (Difco Laboratories) combined with an equal 
volume of a freshly prepared solution of 2.0 mg of collagen type II 
(bovine nasal septum, Elastin Products Co., Inc., Owensville, MO) 



per ml of 0.01 N acetic acid. Extra Mycobacterium butvricum (Difb 
was added to the CFA, to make the concentration twice that pre Se , 
in the commercial preparation. The CFA/collagen emulsion was di!I 
pared by mixing through two connected 20-mJ syringes. An ir:; :ra d 
ermal injection of 0.1 ml of emulsion per mouse was adminisv- - ^ 
the base of the tail. Twenty-one days later, the mice were boosted b! 
an i.p. injection of 0.1 ml of freshly prepared 1.0 mg of bovb 
collagen Il/ml of 0.01 N acetic acid per mouse. Joint swelling pr* 
sented within a few days and the mice were evaluated for incidence 
and severity of inflammation, assigned randomly to study groups 
ear tagged and the individual mouse's dosing regimen was begun 
Severity of joint swelling was determined subjectively for each limb 
by using a scale of 1 (one or more phlanges per limb) to 4 (maximum 
swelling per limb). A severity score of at least 2 on one limb (exclud- 
ing phlanges) was required for an animal to be assigned to a study" 
group. Before dosing, each mouse was bled by the tail vein Vor a 
serum sample (100-150 ^ of blood). Disease severity was assessed 
on days 7 and 10 after which blood was coDected (tail vein on day 7 
and by exsanguination on day 10) for serum. The serum samples 
were assayed for mouse SAP by using a radio immunologically quan- 
titated Western blot method (Griswold et al, 1988). 

Statistical analysis. Clinical severity and levels of SAP and 
TNF-a were analyzed by using the Student's t test, with P values less 
than .05 considered significant. 

AA. AA was induced by a single injection of 0.75 mg ofM. butyri- 
cum (Difco) suspended in paraJB&n oil into the base of the tail of male 
Lewis rats, 6 to 8 weeks old (160-180 g). Hindpaw volumes were 
measured by a water displacement method on day 16 and/or day 22. 
Test compounds were homogenized in acidified 0.5% tragacanth 
(Sigma) and were administered p.o. in a volume of 10 ml/kg. Control 
animals were administered vehicle (tragacanth) alone. 

Percentage of inhibition of hindpaw lesions was calculated as 
follows: 



% Inhibition = 1 - 



AA (Treated) 
AA (Normal) 



X 100 



For statistical analysis, paw volumes of rats treated with SB 203580 
were compared to the untreated controls by Student's t test. 

BMD, as well as BMC and bone area were determined for the 
distal tibia by DXA by using the Hologic QDR-1000 equipped with 
high resolution scanning software as we have described previously 
(Bradbeer et al, 1996). 

Tibio-tarsal joints from representative animals from the following 
three groups of rats were examined histologically; normal rets. AA 
control rats and AA rats treated with SB 203580 at 60 mg/liL ^y- 
Rats were sacrificed by C0 2 administration and the rear legs were 
fixed in formalin, decalcified in formic acid and the feet removed 
from the legs at the distal tibial diaphysis. After routine processing, 
the feet were embedded and coronal sections were cut in the plane 
midway through the tibiotarsal and tarsotarsal joints. Sections were 
stained with Safranin O and counterstained with fast green. 

Bioassay for IL-6. Serum samples were obtained when the rats 
were euthanized. IL-6 levels were determined by using the previ- 
ously described B9 bioassay (Aarden et al, 1985). Briefly, B9 cells 
(5 X 10 3 cells/well in 96-well flat-bottomed plates) were cultu: 3 at 
37°C with serial dilutions of rat serum in a final volume of 100 ^ of 
RPMI- 10. After 68 hr, 0.5 pJd of [ 3 H]thymidine was added and was 
incubated for 6 hr at 37°C. Cells were harvested and radioactivity 
incorporation was determined. IL-6 was quantified from a standard 
curve including known amounts of rat IL-6 (0.1-100 pg/ml). B9 
proliferation was unaffected by any agents used in this study. 

Fetal rat long bone resorption assay. This assay was per- 
formed essentially as described previously (Raisz, 1965; Stern and 
Raisz, 1979). Timed-pregnant Sprague Dawley rats (Taconic Farms. 
Germantown, NY) were injected s.c. with 200 ^Ci of 45 CaCl 2 :*r. da.v 
18 of gestation, housed overnight, then anesthetized with I: : ,var " 
Vet (Pittman-Moore, Mundelein, IL) and sacrificed by cervical dislo- 
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Fk;. 2. Inhibition of plasma TNF levels in BALB/c mice. SB 203580 was 
■ administered 30 min before LPS challenge.and TNF was measured by 
ELISA 2 hr later. Data are presented as percentage of inhibition by 
using three to five animals per group. Significant inhibition was ob- 
served at 50, 25 and 12.5 mg/kg (P < .001) with an IC 50 of 15 mg/kg. 

cation. Fetuses were removed asepticaHy and radii and ulnae were 
dissected free of surrounding soft tissue arid cartilaginous ends. The 
bones were cultured 18 to 24 hr in BGJ b medium (Sigma) containing 
1 mg/ml of bovine serum albumin, then were transferred to fresh 
medium and cultured for an additional 48 hr in the absence or 
p isence of 50 ng/ml of PTH (human, 1-34) and test compound. 
Calcium released into the medium and total residual calcium in the 
bones were measured by liquid scintillation spectrometry. Data are 
expressed as the percentage of calcium released from treated bones 
as compared to corresponding control bones. Statistical differences 
were assessed by using a one-way analysis of variance for nonpaired 
samples. Data are presented as mean ± S.E. 

Endotoxin shock. Pathogen-free male C57BL/6 mice were ob- 
tained from Jackson Laboratories. Age-matched mice, 6 to 12 weeks 
old, were used. This model of shock was performed as described 
previously (Badger et aL, 1989; Olivera et aL, 1992). Briefly, 0.1 /xg of 
LPS from Salmonella typhosa (Difco) mixed with D-(+)-gal (Sigma: 
500 mg/kg) was injected i.v. in 0.25 ml of pyrogen-free saline (this 
mixture is referred to as LPS/D-gal). Compounds to be tested were 
administered p.o. 30 min before the i.v. injection of LPS/D-gal. Blood 
was collected via cardiac puncture 1 hr after LPS/D-gal and serum 
samples were stored at -20°C until evaluation for TNF-a by ELISA. 
Survival was monitored, in separate groups of animals, for 48 hr 
after LPS challenge, at which, time no further deaths occurred in 
either treated or untreated control mice. 

Immune function assays. Female BALB/c mice were immu- 
nized with 100 jug of OVA in 50 /d of CFA in both hind footpads (OVA 
was prepared at 4 mg/ml and diluted 1:1 in CFA). Mice were then 



treated for 5 days a week for 2 weeks with 60 mg/kg of SB 203580 or 
50 mg/kg of RAP administered i.p. in a vehicle composed of 10% 
ethanol, 10% cremophor and 80% saline. At the termination of the 
experiment (day 12), spleen and lymph nodes were harvested and 
cell suspensions were prepared by standard procedures. For the 
response to OVA and Con A, lymph node cells (5 x 10 5 ) were estab- 
lished in 96-well round bottomed plates in the presence or absence of 
serially diluted Con A or OVA for 72 hr. For the mixed lymphocyte 
reaction, cells from treated BALB/c mice (1 x 10 6 ) were established 
in 96-well flat bottomed plates along with C57BL/6-irradiated (3000 
R) stimulator cells (1 x 10 6 ). Cell cultures were incubated at 37°C/5% 
C0 2 , with 0.5 /xCi of [ 3 H]thymidine added for the last 18 hr of culture. 
Cell-associated radioactivity was measured after collection onto 
glass-fiber filters by scintillation counting. For OVA-specific anti- 
body response, sera from immunized mice were tested for activity by 
ELISA which has been described in detail previously (Reddy et aL, 
1994). 



Results 

Inhibition of TNF-a and collagen-induced arthritis 
in mice. Demonstration of the ability of SB 203580 [4-(4- 
fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)imida- 
zole] to inhibit inflammatory cytokine production in vivo was 
accomplished by using BALB/c mice challenged with LPS (25 
i.p.). As seen in figure 2, SB 203580 given p.o. 30 min 
before LPS challenge inhibited the production of TNF-a 
(ED 50 , 15 mg/kg p.o.). 

Given the potent ability of SB 203580 to inhibit TNF-a 
production in vivo, it was of interest to evaluate the effect of 
the compound on a chronic inflammatory model. Collagen- 
induced arthritis was induced in DBA/1 LAC J. mice by injec- 
tion of bovine Type II collagen in CFA at the base of the tail, 
followed 21 days later by a booster injection of collagen sol- 
ubilized in acetic acid (i.p.). Animals with significant disease 
were treated with SB 203580 (50 mg/kg p.o., b.i.d.). At the 
end of 7 days, the disease severity was judged on a scale of 0 
to 4 + and blood was obtained for analysis of serum amyloid P 
component. As seen in table 1, in two separate studies, SB 
203580 significantly reduced disease severity (72%, P < .01 
and 45%, P < .05, respectively) as well as acute phase reac- 
tant (SAP) levels (42%, P < .05 and 52%, P < .001, respec- 
tively). ) 

Inhibition of TNF-a and AA in rats. TNF-a was also 
inhibited in SB 203580-treated Lewis rats. This was shown 
by treating normal rats with SB 203580 p.o. 30 min before a 
challenge with 30 mg/kg of LPS i.p. Plasma TNF-a levels 
measured 90 min later were inhibited by 53% at 25 mg/kg 
(P < .01) and by 38% at 12.5 mg/kg (P < .01) with no 
inhibition observed at 6.2 mg/kg (table 2). 

In the rat model of AA, p.o. administration of SB 203580 



TABLE 1 

Effect of SB 203580 on type II collagen-induced Arthritis in DBA/1 mice 

This table summarizes two studies in which the mice were dosed for 7 days at 50 mg/kg (p.o., b.i.d.), after the animals had presented with paw or joint edema/swelling. 
The data are the mean ± S.E. from a group of vehicle (0.03 N HCI/0.5% Tragacanth) and SB 203580-treated controls. In Experiment II, the mice were entered into the 
study as fully complemented groups. Data are significantly different from the control: * P < .05; " P < "01 ; *** P < .001 . 



Treatment 


n 


Severity Index 


% 


. n 


SAP 


% 


Experiment I 














Control 


9 


5.86 ± 1.17 




9 


189.89 ± 28.29 




SB 203580 


8 


1.63 ±0.79 


72** 


8 


110.66 ± 17.75 


42* 


Experiment II 














Control 


10 


5.75 ± 0.83 




8 


181.30 ± 10.36 




SB 203580 


10 


3.15 ± 0.51 


45* 


8 


86.61 ± 6.23 


52*** 
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TABLE 2 

Inhibition of LPS-stimulated TNF-a levels in SB 203580 Lewis 
rats 

Rats were dosed (p.o.) 30 min before treatment with LPS (30 ^g/kg/i.p.). Plasma 
TNF was measured 90 min after LPS administration. Data are mean ± S.E. for six 
animals per group. * P < .05; ~ P < .01 . 



Treatment 


TNF-a 


% Inhibition 




ng/ml 




Control (untreated) 


42.15 ± 5.05 




SB 203580 






25 mg/kg 


19.91 ± 2.77 


53** 


12.5 mg/kg 


26.20 ± 4.56 


38* 


6.25 mg/kg 


36.76 ± 3.56 


13 N.S. 



(10, 30 and 60 mg/kg p.o.) from day 0 to day 22 inhibited the 
development of immune-mediated hindpaw inflammation. 
On day 16, there was 86% inhibition at 60 mg/kg (P < .001) 
and 62% inhibition at 30 mg/kg (P < .01), with no effect 
observed at 10 mg/kg (fig. 3A). By day 22, the anti-inflam- 
matory effect had lessened somewhat with 60% (P < .001) 
and 45% (P < .01) inhibition at 60 and 30 mg/kg, respectively 
(fig. 3B). 

The anti-inflammatory and antiarthritic activities of SB 



A. 




30 60 
SB 203580 (mg/kg) 



B. 




SB 203580 (mg/kg) 

Fig. 3. Dose-dependent suppression of hindpaw inflammation in rats 
with AA by prophylactic administration of SB 203580 from days 0 to 22 
(5 days a week). Paw inflammation was measured on day 16 (A) and on 
day 22 (B). Data are the mean and S.E.M. of 10 animals per group. 
**P < .01 ; *"P < .001 , compared to the untreated AA controls. 



V °L 279 

203580 were evaluated further by examining the BMC and 
BMD of the distal tibia region in treated AA rats. On day 22 
when the rats were euthanized, hindlimbs were examined b 
DXA. When compared with the AA controls, there was 
significant normalization of BMD (31%, P < .01) and BMQ 
(26%, P < .01) in the rats treated with 60 mg/kg/day of the 
compound, indicating a protective effect on inflammation, 
mediated bone destruction and/or a direct effect on bone 
resorption proximal to the inflamed joint (fig. 4, A and B). 

Histology of the tibio-tarsal joint from a normal rat and 
from rats challenged with adjuvant and then treated with 
vehicle (AA control) or SB 203580 is shown in figure 5. In the 
AA control joint, all of the original bone and marrow has been 
replaced by granulation tissue and newly formed woven 
bone. Remnants of articular cartilage are evident and the 
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SB 203580 (mg/kg) 

Fig. 4. Bone Sensitometry evaluation of the distal tibia in AA rats 
treated with SB 203580. Rats were treated with various doses 5 days a 
week from day 0 to day 22. Values are the percentage of normal 
(assigned a value of 100%), mean and S.E.M. of 10 animals per group. 
A, the BMD value was 0.2822 ± 0.0045 for normal rats and 0.01633 - 
0.0067 for AA rats, which is a 42% decrease in BMD in the diseased 
animals. B, the BMC value was 0.0540 ± 0.0007 for norma! rats and 
0.0348 ± 0.001 for AA rats which is a 36% decrease in BMC tne 
diseased animals. The effect of SB 203580 was statistically sig; - ant 
on both BMD and BMC. **P < .01. 
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Fig. 5. A, photomicrograph of a normal tibio-tarsal joint. Cancellous 
bone of the metaphysis (left) is separated from the epiphysis (middle) by 
the growth plate (continuous pink line). The joint space between the 
tibia and tarsus (right) is clearly visible. B, photomicrograph of a tibio- 
tarsal joint typical of a rat suffering from AA. All of the original normal 
marrow and bone of the tibia and tarsus has been replaced by granu- 
lation tissue within which reactive woven bone has formed. The joint 
space (running vertically in approximately the same location as in the 
'pper and lower panels) has been obliterated almost entirely by infil- 
trating granulation tissue and a large region of the articular cartilage on 
the tarsal side of the joint has been replaced by granulation tissue. C, 
photomicrograph of a tibio-tarsal joint from a rat which had been 
challenged with adjuvant and then treated with SB 203580 (60 mg/kg/ 
day) for 22 days. Although a small amount of infiltration and cartilage 



TABLE 3 

Inhibition of serum IL-6 in AA rats treated with SB 203580 

SB 203580 was administered orally 5x a week from day 0 to 22. Serum IL-6 was 
measured on day 23. Data are mean ± S.E. for 10 animals per group. "* P < .001 . 



Treatment 


IL-6 


% Inhibition 




ng/ml 




Control AA rats 


1.85 ± 0.10 




SB 203580 






60 mg/kg 


1.11 ± 0.13 


40-* 


30 mg/kg 


1.43 ± 0.10 


23*** 


1 0 mg/kg 


1 75 ± 0.07 


5N.S. 



former joint space has been infiltrated with granulation tis- 
sue. The joint from the rat treated with SB 203580 shows 
protection of the joint space, articular surfaces and subchon- 
dral bone. Although the tibial metaphyseal cancellous bone 
and marrow have been replaced by granulation tissue, these 
components of the tarsus are normal. This histological ap- 
pearance is consistent with SB 203580 having retarded the 
progression of the adjuvant-induced arthritic lesion. 

Serum IL-6 levels in AA rats treated with SB 203580 on 
days 0 to 22 were measured in a B9 hybridoma proliferation 
assay. Normal rats had serum IL-6 levels of < 50 pg/ml, 
whereas levels in rats with untreated AA were elevated as. 
high as 1.85 ng/ml. In rats treated with SB 203580, there was 
a 40% reduction in IL-6 at the 60 mg/kg dose (P < .001) and 
23% inhibition at 30 mg/kg (P < .001) (table 3). 

Fetal rat long bone assay. As studies in the AA rat 
showed clearly that treatment with SB 203580 had disease- 
modifying activity and protective effects on both bone and 
cartilage^we examined the effect of the compound in a fetal 
rat long bone resorption assay. In this assay, osteoclast- 
mediated bone resorption is monitored by measuring the 
release of 45 Ca into the culture medium from preradiolabeled 
fetal long bones. SB 203580 inhibited resorption in a concen- 
tration-dependent manner; 3 /xM (85%, P < .001), 1 uJM (80%, 
P < .001) and 0.3 uJM (38%, P < .05). The IC 50 was 0.6 jjM 
(fig. 6). 

Endotoxin shock. The effect of SB 203580 was evaluated 
in a mouse model of endotoxin shock. In this model, C57BL/6 
mice are sensitized with D-(+)-gal, which makes them highly 
susceptible to the lethal effects of endotoxin (LPS). One hour 
before an i.v. injection of LPS/D-gal, control mice have serum 
levels of TNF-a up to 4 ng/ml. This is reduced in a dose- 
dependent manner by prophylactic administration of SB 
203580 given 30 min before the injection of LPS/D-gal. Doses 
of 100, 50 and 25 mg/kg were active and inhibited TNF-a 
levels by 87% (P < .001), 62% (P < .001) and 42% (P < .001), 
respectively (table 4). In a separate group of mice that were 
monitored for survival, 84% of mice treated with the 100 
mg/kg dose of SB 203580 survived compared to only 17% of 
control mice. 

Immune function. In order to determine whether chronic 
administration of a CSAID™ molecule such as SB 203580 
had detrimental (suppressive) effects on the immune system, 
BALB/c mice were immunized with OVA in CFA and then 
treated for 2 weeks (5 days a week) with 60 mg/kg i.p. of the 



erosion can be seen on the tibial side (top), the joint space and articular 
surface are otherwise normal. Whereas the cancellous bone of the tibial 
metaphysis has been lost and the marrow largely replaced by granu- 
lation tissue, woven bone has not yet formed. The bone and marrow of 
the tibia! epiphysis and the tarsus are normal. 
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Fig. 6. SB 203580 inhibits PTH-stimulated fetal rat long bone resorp- 
tion in vitro (ICgo = 0.6 yxM). Fetal rat radii and ulnae (four bones per 
treatment per experiment) were cultured in the presence of 50 ng/ml of 
PTH and the indicated concentrations of SB 203580 for 48 hr as 
described under "Materials and Methods." Each data point represents 
mean and S.E.M. from three separate experiments. Bones cultured in 
the absence of PTH released approximately 14% of the incorporated 
45 Ca. In trie presence of PTH, control bones released approximately 
45% of the incorporated 45 Ca. 

compound or with RAP at 50 mg/kg. The serum antibody 
response of mice treated with RAP was suppressed totally by 
this treatment and there was a significant reduction in the 
anti-OVA serum antibody titer in mice treated with SB 
203580 (fig. 7 A). However, when lymph node cells from 
treated mice were examined for their response to the specific 
OVA antigen or to the mitogen Con A, no inhibition of pro- 
liferation was observed (fig. 7, B and C). Neither was there 
any inhibition of an allogeneic response in a mixed lympho- 
cyte reaction between spleen cells from treated mice and 
C57BL/6 stimulator (3000 R) cells (fig. 7D). In all cases, the 
lymphocyte responses of RAP-treated mice were suppressed 
dramatically. 

Discussion 

The pyridinyl imidazoles are a novel class of compounds 
that have potent inhibitory effects on cytokine production 
both in vitro and in vivo, and also show anti-inflammatory 
activity in a variety of animal models (reviewed in Lee et aL, 

1993) . An early compound in this series, SK&F 86002, had 
cytokine suppressive activity (IC 50( 1 jjM) (Lee et aL, 1993), 
but no significant antiproliferative activity (Reddy et aL, 

1994) . In addition to cytokine suppressive activity, SK&F 
86002 and many structurally related analogs inhibited eico- 



sanoid metabolism in LO and CO enzyme assays (Griswold et 
aL, 1987). In keeping with this profile of both cytokine and 
eicosanoid inhibition, SK&F 86002 and related compounds 
. showed therapeutic activity in mouse collagen-induct ^ 
thritis (Griswold et aL, 1988) and carageenan-induced in! 
flammation (Lee et aL, 1993), as. well as analgesic activity in 
mouse abdominal constriction assays (Lee et aL, 1993). These 
activities, however, could not totally be attributed to LO/CO 
inhibition and the compounds clearly did not act as classical 
nonsteroidal anti-inflammatory drugs. Evidence for this was 
their activity in assays and models relatively insensitive to 
CO inhibition such as collagen-induced arthritis (Griswold et 
aL, 1988), the fetal rat long bone resorption assay (Votta and 
Bertolini, 1994). and mouse models of endotoxin shock (Bad- 
ger et aL, 1989; Olivera et aL, 1992). 

In studies designed to define the mechanism of cytokine 
suppression by the pyridinyl imidazoles, it was revealed that 
inhibition of TNF-a synthesis was primarily at the transla- 
tional rather than the transcriptional level (Lee et aL, 1990; 
Young et aL, 1993), and that a block occurred before nascent 
peptide elongation (YoungetaL, 1993; Prichette* aZ., 1995;?. 
R. Young, unpublished data). Recent investigations using 
THP.l cells, radiolabeled chemical probes for radioligand 
binding assays and photoaffinity labeling experiments have 
identified the molecular target of these compounds to be a 
pair of closely related mitogen-activated protein kinase ho- 
mologs termed CSBPs (Lee et aZ., 1994b). CSBP, alterna- 
tively termed p38 or RK, has subsequently been identified 
independently by several laboratories (Lee et aL, 1994b; Han 
et aL, 1994; Rouse et aL, 1994). 

Inhibition of CSBP kinase activity by these compounds 
correlates with cytokine inhibition and THP.l cytosol Land- 
ing assays (Lee et aL, 1994b). SB 203580 [4-(4-fluorophenyD- 
2-(4-methylsulfinylphenyl)-5-(4-pyridyl)imidazole], a newer 
member of the pyridinyl imidazoles, is the best studied com- 
pound and has an IC 50 of 0.22 t*M as a CSBP inhibitor 
(Cuenda et al., 1995; Gallagher et aL, 1995; T. F. Gallagher et 
aL , in press, 1996). The compound is highly specific for CSBP 
kinase with no inhibitory activity observed on a variety of 
other kinases (Cuenda et aL, 1995). A physiological substrate 
of CSBP is MAPKAP kinase-2, and SB 203580 inhibits the 
activation of this kinase and its subsequent phosphorylation 
of hsp 27 in stress-stimulated cells (Cuenda et aL, 1995). In in 
vitro monocyte cultures, SB 203580 inhibits IL-1 and TNF-or 
from LPS-stimulated human monocytes (IC 60 , 50-100 nM) 
as well as the production of leukotriene B 4 from calcium 
ionophore (A23187)-stimulated human monocytes (IC 50 , L5 
uM) (M. D. Chabot-Fletcher, unpublished observations). In 
HL-60 cells, SB 203580 had little effect on the LO pathway, 



TABLE 4 

SB 203580 inhibits serum TNFa and improves survival in a murine model of endotoxin shock 

Male C57BLy6 mice were treated p.o. with SB 203580, 30 min before LPS/o-gal given i.v. Serum TNF was measured 1 hr later. Data are mean and S.E.M. of three to 
five animals per group. Survival was monitored in a separate group of mice (six per group). * P < .05. by Fisher's exact test. ND « not done. 



Treatment/Dose 



TNF-o 



% inhibition 



% Survival 



Control 

SB 203580 
100 mg/kg 
50 mg/kg 
25 mg/kg 
12.5 mg/kg 



pg/ml ■ 
3789 ± 142 

490 ± 172 
1444. ± 130 
2248 ± 130 
3514 ± 214 



87*" 
62*** 
42*** 
7N.S. 



17 
84* 

20 N.S. 
ND 
ND 
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Fig. 7. Immune function in BALB/c mice treated with SB 203580 at 60 mg/kg i.p. for 2 weeks. Mice were immunized in the hind footpads with 
OVA in CFA as described under "Materials and Methods." A, serum antibody response to OVA measured in an ELISA assay. Data are from pooled 
serum samples. B, proliferative response of lymph node cells to varying doses of OVA. Data are mean and S.D. of six replicates. C, proliferative 
response of lymph node cells to varying doses of Con A. Data are mean and S.D. of six replicates. ■, control untreated; SB 203580; A, RAP; 
and D, mixed lymphocyte reaction of treated BALB/c spleen cells against irradiated (3000 R) C57BL76 stimulator cells. Data are mean and S.D. 
of six replicates. 



but potently inhibited prostaglandin E 2 synthesis. SB 
203580, however, had no direct inhibitory activity on pitu- 
itary growth hormone Synthase- 1 and only modest inhibitory 
activity on LO (IC 60 , 58 jllM). The involvement of CSBP in the 
regulation of arachidonic acid availability, which is the rate 
limiting step for both LO and CO production, provides one 
mechanism which may explain these observations. In plate- 
lets, CSBP mediates the activation of cytosolic phospholipase 
A 2 by phosphorylation of cytosolic phospholipase A 2 in re- 
sponse to a thrombin agonist peptide (Kramer et aL, 1995). 
This activation was correlated with the subsequent release of 
arachidonic acid and formation of CO products. The observa- 
tion that SB 203580 inhibits the synthesis of the inducible 
COX-2 enzyme provides an additional mechanism by which 
CSBP can regulate prostanoid synthesis (Lee et aL, 1994a). 



In the studies reported in this paper, we have profiled SB 
203580 in a number of pharmacological models both in vitro 
and in vivo and demonstrated its activity in a wide variety of 
TNF-a-mediated animal models. SB 203580 inhibited LPS- 
induced TNF-a in vivo in both mice and rats with IC 60 values 
of 15 and 25 mg/kg, respectively. This inhibition of TNF-a 
was an indication that disease models such as mouse collag- 
en-induced arthritis and rat adjuvant arthritis would be pos- 
itively modulated by the compound. This was indeed the case 
and, in collagen-induced disease in DBA/1 LACJ mice, SB 
203580 dosed for 7 days at 50 mg/kg p.o. (b.i.d.) reduced joint 
edema by 72 and 45% in two separate experiments. SAP, an 
acute inflammatory protein in mice, was also inhibited by 42 
and 52%, respectively, in the two experiments. Evidence for 
the critical role of endogenous TNF-a in this disease model 
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has been provided by the observations that administration of 
anti-TNF-a antibodies can ameliorate the disease (Piguet et 
al, 1992; Thorbecke et al, 1992; Williams et al, 1992) and 
that TNF-a transgenic mice spontaneously develop arthritis 
(KefFere* al, 1991). 

TNF-a clearly plays a proinflammatory role in another 
animal model ofRA, the AA rat, in which elevated levels have 
been observed in the plasma and joints (DiMartino et al, 
1993; Smith-Oliver et al, 1993). In this. disease model, SB 
203580 was very effective in reducing paw inflammation at 
doses of 30 and 60 mg/kg/day with optimum inhibition ob- 
served at 60 mg/kg/day (86% inhibition on day 16). Evidence 
for the protection of joint integrity at this dose was provided 
by the observation that there was a normalization, of BMD 
(31%) and BMC (26%) as measured by DXA. This was also 
reflected in the histological evaluation of the affected joints, 
in which a clear beneficial effect was observed on both bone 
and cartilage. In keeping with the compound's disease-mod- 
ifying activity, our studies also demonstrated that serum 
levels of IL-6 were reduced in treated rats. This cytokine has 
been shown to be increased in different biological fluids in 
patients with autoimmune disease, particularly RA (Hous- 
siau et al, 1988; Swaak et al, 1988; Hirano et al, 1988), and 
the level in various inflammatory compartments appears to 
be a sensitive marker of disease activity. 

The protection of bone integrity in the AA rat led us to 
evaluate SB 203580 in a direct in vitro assay of bone resorp- 
tion, the fetal rat long bone assay. Cytokines such as IL-1 and 
TNF-a have been shown to stimulate bone resorption in vitro 
and in vivo (Gowen and Mundy, 1986; Bertolini et al, 1986; 
Tashijian et al, 1987; Sabatini et al, 1988), and it was 
reasonable to expect that a CSAID™ molecule would have a 
protective effect in this model system. SB 203580 dose-de- 
pendently (IC 60 , 0.6 /xM) inhibited PTH-stimulated bone re- 
sorption. Although the precise mechanism of action of the 
compound (and other pyridinyl imidazoles) on bone resorp- 
tion has not been defined fully, it appears to be related to the 
compound's cytokine suppressive properties as selective CO, 
and dual CO/LO inhibitors were inactive in this organ cul- 
ture system (Votta and Bertolini, 1994). 

Another animal model in which TNF-a has been shown to 
play a predominant role is that of endotoxin-induced shock. 
We demonstrated previously that SK&F 86002, a dual inhib- 
itor of arachidonic acid metabolism as well as a cytokine 
inhibitor, could reduce serum TNF-a levels and prolong sur- 
vival in mouse shock-models (Badger et al, 1988). In addi- 
tion, we were able to demonstrate that antibodies to mouse 
TNF-a could protect mice against endotoxin-induced shock in 
mice that were sensitized with Proprionibacterium acnes 
(Badger et al, 1989). SB 203580, a more selective cytokine 
inhibitor with reduced inhibitory activity on LO and CO 
reduced. serum TNF-a in LPS/D-gal-sensitized mice and im- 
proved their survival at high doses. 

It is clear that SB 203580 is a potent inhibitor of IL-1 and 
TNF-a in vitro and that it is pharmacologically active in a 
number of animal models in vivo. The question of whether 
such a potent cytokine inhibitor would be immunosuppres- 
sive as well as having anti-inflammatory activity has been 
addressed by examining its activity in vivo in mice immu- 
nized with OVA. Apart from partial inhibition of specific 
antibody levels against OVA, there was no suppression of 
OVA-specific T-cell proliferation, , an allogeneic response or of 
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mitogen (Con A)-induced proliferative responses. These 
suits and those reported previously with the dual inhibito *% 
arachidonic acid metabolism, SK&F 86002 (Lee et al iqqJ 
Reddyetal, 1994), show clearly that these compounds'^' c 
have overt immunosuppressive activity. ' n ° l ° 

Mechanistically, it is not clear at the present time to wh- 
extent the beneficial effects of SB 203580 are due to sup pr -l 
sion of TNF-a production or suppression of cytokine sien!f 
ing. Given that SB 203580 has been shown, at least in *itn 
to be effective in inhibiting cytokine signaling leading to* 
either cytokine production or other downstream effects it i s > 
safe to assume that in vivo, the compound may induce itT 
antiarthritic activity via both the inhibition of cytokine pro- 
duction and action. As an in vitro example, SB 203580 has 
been shown to block IL-6 production in L929 cells stimulated 
with TNF-a (Beyaert et al, 1996). 

The pharmacological profile that we have described here 
for SB 203580, a potent CSBP/p38 kinase inhibitor, would 
appear to be one that would be desirable for an antiarthritic 
therapeutic agent. Despite numerous attempts over the 
years to design drugs with therapeutic potential for RA, 
there is still a real need for more effective, less toxic treat- 
ments to control the progression of this disease. Most thera- 
pies, although supplying symptomatic relief, do not alter the 
progression of bone and cartilage destruction iii the affected 
joints. In recent years, it has become clear that a multitude of 
cytokines contribute to the overall inflammatory and bone 
destructive sequelae that occur in RA, and that targeting one 
or more of these cytokines could modulate the disease (Arend 
and Dayer, 1955; Elliott and Maini, 1995). TNF-a has 
emerged as a cytokine of pivotal importance in the disease 
process and inhibition of the production and/or effects of his 
cytokine is a rational therapeutic strategy (Feldmann et al, 
1994; Brennan et al, 1995). Indeed, ongoing studies are 
demonstrating the efficacy of treatment of RA with monoclo- 
nal antibodies to TNF-a in RA patients (Elliott et al, 1993; 
Maini et al, 1995). A small molecular weight orally active 
cytokine inhibitor with the pharmacological profile described 
in this manuscript could well provide significant beneficial 
effects in this disease. 

Acknowledgments 

The authors acknowledge the expert technical assistance of the 
following: Michael DiMartino, Len HiUegass, David Rieman, Bar- 
bara Swift, George Stroup, Sandra Hoffmann, Tonie Newman-Tarr 
and Hugh Zhao. We also thank Audrey Boyd for secretarial assis- 
tance. 



References 

Aarden, L. A., Lansdorp, P., and de Groot, E.: A growth factor for B-cell 
hybridomas produced by human monocytes. Lympholrines 10: 175-1^- 
1985. 

Arend, W. P. and Dayer, J.-M.: Inhibition of the production and effect of 
interleukin-1 and tumor necrosis factor a in rheumatoid arthritis. Arthritis 
Rheum. 38: 151-160, 1995. 
Badger, A. M., Ouvera, D., Talmadge, J. E. and Hanna, N.: Protective effect of 
SK&F 86002, a novel dual inhibitor of arachidonic acid metabolism, in 
murine models , of endotoxin shock: Inhibition of tumor necrosis factor as 8 
possible mechanism of action. Circ. Shock 27: 51-61, 1989. 
Bertouni, D. R., Nedwin, G. E„ Bringman, T. S., Smith, D. D. and Mundy, G. R- 
Stimulation of bone resorption and inhibition of bone formation in vitro by 
human necrosis factors. Nature (Lond.) 319: 515-518, 1986. 
Beyaert, R., Cuenda, A., Berghe, W. V., Plajsance, S., Lee, J. C., Haegeman, G., 
Cohen, P. and Fiers, W.: The p38/RK mitogen-activated protein kinase 
pathway regulates interleukin-6 synthesis in response to tumor r 
factor. EMBO J. 15: 1914-1923, 1996. 
Bradbeer, J. N., Kapadia, R. S., Sarkar, S. K., Zhao, H m Stroup, G. B., Swin- 



1996 



Antiarthritic Kinase Inhibitor 1461 



A.,*Rieman, D. J. and Badger, A. M.: Disease-modifying activity of SK&F 
; 06615 in rat adjuvant- induced arthritis. Arthritis Rheum. 39: 504-514, 
1996. 

Brennan, F. M., Cope, A. P., Katsikis, P., Gibbons, D. L., Maini, R. N. and 
Feldmann, M.: Selective immunosuppression of tumour necrosis factor-alpha 
in rhuematoid arthritis. In Selective Immunosuppression: Basic Concepts 
and Clinical Applications, ed. by L. Adorini, pp. 48-60, S. Karger, Basel, 
1995. 

Cuenda, A., Rouse, J., Doza, Y. N., Meier, R., Cohen, P., Gallagher, T. F. t 

Young, P. R. and Lee, J. C: SB 203580 is a specific inhibitor of a MAP kinase 

homologue which is stimulated by cellular stresses and interleukin*l. FEBS 

Lett. 364: 229-233, 1995. 
DiMartino, M., Suvjak, M., Esser, K, Wolff, C, Smith, E. and Gagnon, R.: 

Adjuvant arthritic (AA) rats exhibit enhanced endotoxin- induced plasma 

TNF (EIPT) levels. Agents Actions 39: C58-C60, 1993. 
Dinarello, C. A.: Inflammatory cytokines: Interleukin-1 and tumor necrosis 

factor as effector molecules in autoimmune diseases. Curr. Opin. Immunol. 

3: 941-948, 1991. 

Elliott, M. J. and Maini, R. N.: Anticytokine Therapy in Rheumatoid Arthritis. 

In Bailliere's Clinical Rheumatology, Vol. 9 (issue 4), pp. 633-652, editors; P. 

M. Brooks and D. E. Furst, 1995. 
Elliott, M. J., Maini, R. N., Feldmann, M., Long-Fox, A., Charles, P., Katsikis, 

P., Brennan, F. M m Walker, J., Bijl, H., Ghrayeb, J. and Woody, J. K: 

Treatment of rheumatoid arthritis with chimeric monoclonal antibodies to 

tumor necrosis factor a. Arthritis Rheum. 36: 1681-1690, 1993. 
Feldmann, M., Brennan, F. M., Elliott, M., Katsikis, P. and Maini, R. N.: TNFa 

as a therapeutic target in rheumatoid arthritis. Circ. Shock 43: 179-184, 

1994. 

'Gallagher, T. F., Fier-Thompson, S. M., Garigipati, R. S., Sorenson, M. E., 
Smietana, J. M. ( Lee, D., Bender, P. E., Lee, J. C, Laydon, J. T., Griswold, 
D. E., Chabot-Fletcher, M. D., Breton, J. J. and Adams, J. L.: 2,4,5- 
Triarylimidazole inhibitors of IL-1 biosynthesis. Bioorg. Med. Chem. Lett. 5: 
1171-1176, 1995. 

Gallagher, T. F. et al.: Regulation of stress induced cytokine production by 

pyridinylimidazoles: Inhibition of CSBP kinase. In Press: Bioorganic and 

Medicinal Chemistry, 1996. 
Gowen, M. and Mundy, G. R.: Action of recombinant interleukin-1, interleu- 

kin-2 and interferon gamma on bone resorption in vitro. J. Immunol. 136: 

247&-2482, 1986. 

Griswold, D. E., Marshall, P. J., Webb, E. F,, Godfrey, R., DiMartino, M. J., 
Sarau, H. M., Newton, J., Jr., Gleason, J. G., Poste, G. and Hanna, N.: SK&F 
86002: A structurally novel antiinflammatory agent that inhibits lipoxygen- 
ase- and cyclooxygenase-mediated metabolism of arachidonic acid. Biochem. 
Pharmacol. 36: 3463-3470, 1987. 

Griswold, D. E., Hillegass, L. M., Meunier, P. C, DiMartino, M. J. and Hanna, 
N.: Effect of inhibitors of eicosanoid metabolism in murine collagen-induced 
arthritis. Arthritis Rheum. 31: 140S-1412, 1988. 

Han, J., Lee, J. D., Bibb, S. L. and Ulevttch, R. J.: A MAP kinase targeted by 
endotoxin and in mammalian cells. Science (Wash. DC) 265: 808-811, 1994. 

Hirano, T., Matsuda, T. and Turner, M.: Excessive production of IL-6/B cell 
stimulatory factor-2 in rheumatoid arthritis. Eur. J. Immunol. 18: 1797- 
1802, 1988. 

Houssiau, F. A., Devogelaer, J.-P., van Damme, J., Nagant de Deuxchaisnes, D. 
and van Snick, J.: Interleukin-6 in synovial fluid and serum of patients with 
rheumatoid arthritis and other inflammatory arthritides. Arthritis Rheum. 
31: 784-788, 1988. 

Keffer, J., Probert, L., Cazlaris, H., Georgopoulos, S., Kaslaris, E„ Kioussis, 
D. and Kollias, G.: Transgenic mice expressing human tumor necrosis 
factor: A predictive genetic model of arthritis. EMBO J. 10: 4025-4031, 1991. 

Kramer, R. M., Roberts, E. F., Strifler, B, A. and Johnstone, E. M.: Thrombin 
induces activation of p38 MAP kinase in human platelets. J Biol. Chem. 270: 
27395-27398, 1995. 

Lee, J. C, Badger, A. M., Griswold, D. E., Dunnington, D., Truneh, A., Votta, 
B., White, J. R., Young, P. R. and Bender, P. E.: Bicyclic imidazoles as a 
novel class of cytokine biosynthesis inhibitors. Ann. N.Y. Acad. Sci. 696: 
149-170, 1993. 

Lee, J. C, Blumenthal, M. J., Laydon, J. T., Tan, K B. and DeWitt, D. L.: 
Translational Regulation of Prostaglandin Endoperoxide Synthase-2 Ex- 
pression in Human Monocytes, Presented at the 7th International Confer- 
ence of the Inflammatory Research Association, Poconos, PA. 1994a. 

Lee, J. C, Laydon, J. T., McDonnell, P. C, Gallagher, T. F., Kumar, S., Green, 



D., McNulty, D., Blumenthal, M. J., Heys, J. R., Landvatter, S. W m Strick* 
ler, J. E., McLaughlin, M. M., Siemens, I. R., Fisher, S. M., Lm, G. P., WHrrE, 
J. R., Adams, J. L. and Young, P. R.: A protein kinase involved in the 
regulation of inflammatory cvtokine biosynthesis. Nature (Lond.) 372: 739- 
746, 1994b. 

Lee, J. C, Votta, B., Dalton, B. J., Griswold, D. E., Bender, P. E. and Hanna, 

N.: Inhibition of human monocyte IL-1 production by SK&F 86002. Int. 

J. Immunother. 6: 1-12, 1990. 
Lee, J. C. and Young, P. R.: Role of CSBP/p38/RK stress response kinase in 

LPS and cytokine signaling mechanisms. J. Leukocyte Biol. 59: 152-157, 

1996. 

Maini, R. N., Elliott, M. J., Brennan, F. M. and Feldmann, M.: Beneficial 
effects of tumour necrosis factor- alpha (TNF-a) blockade in rheumatoid 
arthritis (RA). Clin. Exp. Immunol. 101: 207-212, 1995. 

Olivera, D. L., Esser, K M., Lee, J. C, Greig, R. G. and Badger, A. M.: 
Beneficial e'ffects of SK&F 105809, a novel cytokine-suppressive agent, in 
murine models of endotoxin shock. Circ. Shock 37: 301-306, 1992. 

Picuet, P. F., Grau, G. E., Veslv, C, Loetscher, H., Gentz, R. and Lesslauer, 
W.: Evolution of collagen arthritis in mice is arrested by treatment with 
anti-tumour necrosis factor (TNF) antibody or a recombinant soluble TNF 
receptor. Immunology 77: 510-514, 1992. 

Prichett, W., Hand, A, Sheilds, J. and Dunnington, D.: Mechanism of action of 
bicyclic imidazoles defines a translational regulatory pathway of tumor 
necrosis factor a. J. Inflamm. 45: 97-105, 1995. 

Raisz, L. G.: Bone resorption in tissue culture. Factors influencing the response 
to parathyroid hormone. J. Clin. Invest. 44: 103-116, 1965. 

Reddy, M. P., Webb, E. F., Cassatt, D., Maley, D., Lee, J. C, Griswold, D. E. 
and Truneh, A.: Pyridinyl imidazoles inhibit the inflammatory phase of 
delayed type hypersensitivity reactions without affecting T-dependent im- 
mune responses. Int. J. Immunopharmacol. 16: 795-804, 1994. 

Rouse, J., Cohen, P., Trigon, S., Morange, M., Alonso-Llamazares, A., Zama- 
nillo, D., Hunt, T. and Nebreda, A. R.: Identification of a novel protein 
kinase cascade stimulated by chemical stress and heat shock which activates 
MAP kinase-activated protein MAPKAP kinase-2 and induces phosphoryla- 
tion of the small heat shock proteins. Cell 78: 1027-1037, 1994. 

Sabatini, M., Boyce, B., Aufdermorte, T., Bonewald, L. and Mundy, G. R.: 
Infusion of interleukin-1 o and causes hypercalcemia in normal mice. Proc. 
Natl. Acad. Sci. U.SA. 83: 5235-5239, 1988. 

Smith-Oliver, T., Noel, L. S., Stimpson, S. S., Yarnall, D. P. and Connolly, K 
M.: Elevated levels of TNF in the joints of adjuvant arthritic rats. Cytokine 
5: 298^304, 1993. 

Stern P. H. and Raisz L. G.: Organ cultures of bone. In Skeletal Research: An 
Experimental Approach, pp. 21-59, editors: D. J. Simmons, and A. S. Kunin, 
Academic Press, New York, 1979. 

Swaak, A. J. G., Rooyen, A., van Nieuwenhuis, E. and Aarden, L. A.: Interleu- 
kin-6 (IL-6) in synovial fluid and serum of patients with rheumatic diseases. 
Scand. J. Rheumatol. 17: 469-474, 1988. 

Tashijian, A. H., Voekel, E. F., Lazzaro, M., Goad, D., Bosma, T. and Levine, L.: 
Tumor necrosis factor a (cachectin) stimulates bone resorption in mouse 
calvaria via a prostaglandin-mediated mechanism. Endocrinology 120: 
2029-2036, 1987. 

Thorbecke, G. J., Shah, R., Leu, C. H., Kuruvilla, A. P., Hardison, A. M. and 

Palladino, M. A.: Involvement of endogenous tumor necrosis factor a and 

transforming growth factor /3 during induction of collagen type II arthritis in 

mice. Proc. Natl. Acad. Sci. U.SA. 89: 7375-7379, 1992. 
Votta, B. J. and Bertolini, D, R.: Cytokine suppressive antiinflammatory 

compounds inhibit bone resorption in vitro. Bone 15: 533-538. 1994. 
Williams, R. O., Feldmann, M. and Maini, R. N.: Anti-tumor necrosis factor 

ameliorates joint disease in murine collagen-induced arthritis. Proc. Natl. 

Acad. Sci. U.S.A. 89: 9784-9788, 1992. 
Wooley, P. H.: Collagen-induced arthritis in the mouse. Methods Enzymol. 

162: 361-373, 1988. 
Young, P. R., McDonnell, P., Dunnington, D., Hand, A., Laydon, J. and Lee, J. 

C: Bicyclic imidazoles inhibit IL-1 and TNF production at the protein level. 

Agents Actions 39: C67-C69, 1993. 



Send reprint requests to: Dr. Alison M. Badger, Associate Director, Depart- 
ment of Cellular Biochemistry, SmithKline Beecham Pharmaceuticals, 709 
Swedeland Rd., P.O. Box 1539, King of Prussia, PA 19406-0939. 



ARTHRITIS & RHEUMATISM 

Vol. 43, No. 1, January 2000, pp 175-183 

© 2000, American College of Rheumatology 



175 
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Objective. To evaluate the effects of SB 242235, a 
potent and selective inhibitor of p38 mitogen-activated 
protein (MAP) kinase, on joint integrity in rats with 
adjuvant-induced arthritis (AIA). 

Methods. Male Lewis rats with AIA were orally 
treated either prophylactically (days 0-20) or therapeu- 
tically (days 10-20) with SB 242235. Efficacy was deter- 
mined by measurements of paw inflammation, dual- 
energy x-ray absorptiometry for bone mineral density 
(BMD), magnetic resonance imaging (MRI), micro- 
computed tomography (CT), and histologic evaluation. 
Serum tumor necrosis factor a (TNFa) in normal 
(non-AIA) rats and serum interleukin-6 (IL-6) levels in 
rats with AIA were measured as markers of the antiin- 
flammatory effects of the compound. 

Results. SB 242235 inhibited lipopolysaccharide- 
stimulated serum levels of TNFa in normal rats, with a 
median effective dose of 3.99 mg/kg. When SB 242235 
was administered to AIA rats prophylactically on days 
0-20, it inhibited paw edema at 30 mg/kg and 10 mg/kg 
per day by 56% and 33%, respectively. Therapeutic 
administration on days 10-20 was also effective, and 
inhibition of paw edema was observed at 60, 30, and 10 
mg/kg (73%, 51%, and 19%, respectively). Significant 
improvement in joint integrity was demonstrated by 
showing normalization of BMD and also by MRI and 
micro-CT analysis. Protection of bone, cartilage, and 
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soft tissues was also shown histologically. Serum IL-6 
levels were-decreased in AIA rats treated with the 60 
mg/kg dose of compound. 

Conclusion, Symptoms of AIA in rats were signif- 
icantly reduced by both prophylactic and therapeutic 
treatment with the p38 MAP kinase inhibitor, SB 
242235. Results from measurements of paw inflamma- 
tion, assessment of BMD, MRI, and micro-CT indicate 
that this compound exerts a protective effect on joint 
integrity, and thus appears to have disease-modifying 
properties. 

SB 242235 is a new member of the pyridinyl 
imidazole class of compounds that has exhibited potent 
antiinflammatory activity (1-3). Early compounds in this 
class 'exerted this activity via inhibition of cyclooxygen- 
ase, 5-lipoxygenase, and proinflammatory cytokine bio- 
synthesis (1). Inhibition of cytokine synthesis, however, 
has now been established as the primary pharmacologic 
action and is unrelated to the ability of the compounds 
to inhibit eicosanoids (4,5). Proinflammatory cytokines 
such as interleukin-1 (IL-1) and tumor necrosis factor a 
(TNFa) have been shown to play an important role in 
the pathogenesis of rheumatoid arthritis (RA), including 
inflammation (6-8), up-regulation of nitric oxide (9) and 
metalloproteinases (10), and bone resorption (11). The 
production of these cytokines from lipopolysaccharide 
(LPS)-stimulated human monocytes and from the hu- 
man monocyte cell line THP-1 is inhibited by the 
pyridinyl imidazoles, with a 50% inhibition concentra- 
tion (ICjo) of 50-100 nM (12,13). 

Recent evidence that cytokines play a key role in 
acute and chronic inflammation has been provided by 
the demonstration that protein antagonists, such as IL-1 
receptor antagonist and monoclonal antibodies to TNFa 
and its soluble receptor, can interfere with various acute 
and chronic inflammatory responses and are clinically 
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efficacious in RA (14,15). However, the need for orally 
active, small molecular weight compounds that would 
have the same effect as protein agents in inflammatory 
diseases is considerable. 

SB 242235 and related compounds have been 
named cytokine-suppressive antiinflammatory drugs 
(CSAIDs), and the molecular target has been identified 
as the mitogen-activated protein (MAP) kinase homolog 
termed CSAID-binding protein 2 (CSBP2) (12), p38 
(16), or RK (17,18). The binding of these compounds to 
the target CSBP/p38 protein in THP-1 cytosol and the 
inhibition of kinase activity for this recombinant protein 
has. been correlated to their inhibition of cytokine bio- 
synthesis (12,13), indicating a role for p38 in the regu- 
lation of cytokine production in response to various 
stimuli (19). Compounds structurally related to SB 
242235 have been shown to attenuate the inflammatory 
components of disease in a number of animal models of 
acute and chronic inflammation in the absence of gen- 
eralized immunosuppression (1,20,21) (examples in- 
clude collagen-induced arthritis [2], adjuvant-induced 
arthritis [AIA] [20], and endotoxin shock [22,23]). In 
addition, inhibition of nitric oxide from IL-l-stimulated 
bovine cartilage and chondrocytes by the pyridinyl imi- 
dazole SB 203580 has recently been described (24). 

SB 242235, when tested against a panel of repre- 
sentative protein kinases, shows a superior kinase selec- 
tivity profile in comparison with SB 203580. As reviewed 
by Lee et al (25), SB 203580 inhibits p38 isoform a with 
an IC 50 of 48 nM (26) and p38/3 with an IC 50 of 50 nM 
(27), as well as JNK2/31 (IC 50 280 nM) and c-raf (IC 50 
360 nM) (28). However, SB 242235 is selective in that it 
does not inhibit ERK and JNK (up to 10 juM), which are 
structurally most related to p38 MAP kinase. 

In this report, we have demonstrated significant 
antiinflammatory activity with SB 242235 in rats with 
AIA. This compound is a highly selective p38 inhibitor, 
which, unlike the earlier p38 inhibitor SB 203580 (29), 
has no direct effects on 5-lipoxygenase or cyclo- 
oxygenase-1 (Griswold D: unpublished observations). 
We have extended our previous findings in this animal 
model, in which we used SB 203580 (20), by examining 
the efficacy of SB 242235 when administered therapeu- 
tically as well as prophylactically to the AIA rat, a 
protocol reflecting the treatment of RA. In addition, we 
have utilized the advanced technology of magnetic res- 
onance imaging (MRI) and micro-computed tomo- 
graphy (CT), as well as dual-energy x-ray absorptiometry 
(DEXA) and histology to clearly demonstrate the 
disease-modifying activity that a cytokine inhibitor of 
this compound class can have in an aggressive model of 



inflammatory disease. The effects observed in this rat 
model of arthritis indicated that treatment with small 
molecular weight, cytokine-suppressive agents may well 
have beneficial effects in RA. 

MATERIALS AND METHODS 

Animals. Inbred male Lewis rats were obtained from 
Charles River Breeding Laboratories (Raleigh, NC). Within 
any given experiment, only animals of the same age were used. 
All experimental procedures were in accordance with proto- 
cols approved by the SmithKline Beecham Institutional Ani- 
mal Care and Use Committee, and met or exceeded the 
standards of the American Association for the Accreditation of 
Laboratory Animal Care, the United States Department of 
Health and Human Services, and all local and federal animal 
welfare laws. 

Materials. SB 242235 was synthesized at SmithKline 
Beecham (Philadelphia, PA). For in vivo experiments, SB 
242235 was administered orally in 0.03N HCl-0.5% tragacanth 
(Sigma, St. Louis, MO). Indomethacin was from Sigma. 

LPS-induced TNFa production. Normal (non-AIA) 
rats were orally administered SB 242235 in acidified tragacanth 
at various times prior to challenge with LPS (3.0 mg/kg 
intraperitoneally). Ninety minutes later, the animals were 
killed by C0 2 inhalation, and blood samples were collected by 
cardiac puncture into heparinized tubes and stored on ice. The 
blood samples were centrifuged and the plasma collected and 
stored at — 20°C until assayed for TNFa by specific enzyme- 
linked immunosorbent assay (ELISA) (23). 

ELISA method. TNFa levels were measured using a 
sandwich ELISA, which utilized a hamster monoclonal anti- 
murine TNFa (Genzyme, Cambridge, MA) as the capture 
antibody and a polyclonal rabbit anti-murine TNFa (Gen- 
zyme) as the secondary antibody. For detection, a peroxidase- 
conjugated goat anti-rabbit antibody (Pierce, Rockford, IL) 
was added, followed by a substrate for peroxidase. TNFa levels 
in the plasma samples from each animal were calculated from 
a standard curve generated with recombinant murine TNFa 
(Genzyme). 

Induction of arthritis. AIA was induced by a single 
injection of 0.75 mg of Mycobacterium butyricum (Difco, 
Detroit, MI) suspended in paraffin oil, into the base of the tail 
of male Lewis rats ages 6-8 weeks (weights 160-180 gm). 
Hindpaw volumes were measured by a water displacement 
method on day 16 and/or day 20 (30). Test compounds were 
homogenized in acidified 0.5% tragacanth (Sigma) and admin- 
istered orally in a volume of 10 ml/kg. Control AIA animals 
were administered vehicle (tragacanth) alone. Two dosing 
protocols were used: prophylactic dosing (3, 10, and 30 mg/kg/ 
day) initiated on the day of adjuvant injection, and therapeutic 
administration (10, 30, and 60 mg/kg/day) initiated on day 10. 
Indomethacin was included as a positive control (0.3 mg/kg 
prophylactically and 0.5 mg/kg therapeutically). 

Change in paw volume is presented as the mean and 
SEM of 10-12 animals per group, and the percentage inhibi- 
tion of hindpaw edema was calculated as follows: 

[AIA (treated) I 
•77-7—7 —77 X 100, 
AIA (control) J 
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where AIA (treated) and AIA (control) represent the mean" 
paw volume (in ml) (minus the value in the normal non-AIA" 
control) in rats treated with SB 242235 and rats treated with 
vehicle alone, respectively. For statistical analysis, paw volumes 
of rats treated with SB 242235 were compared with those of the 
untreated AIA controls by Student's /-test. 

Bone mineral density (BMD) measurement Animals 
were killed on day 21 and the hindlimbs removed and fixed in 
70% ethanol. BMD of the distal tibia was determined by 
DEXA using the.Hologic QDR-1000 equipped with high- 
resolution scanning software (Hologic, Waltham, MA). Qual- 
ity control of the instrument was carried out each day prior to 
sample analysis by scanning both a human anthropomorphic 
spine phantom (low resolution) and the lumbar portion of a rat 
spine (high resolution), both of which were embedded in 
methylmethacrylate. All high-resolution scans were carried out 
with the sample placed on top of an acrylic block, 1.5 inches 
deep. The x-ray beam was collimated to a diameter of 1.27 mm, 
and line spacing and point resolution were 0.25 mm and 0.127 
mm, respectively. Scans were made of the distal tibia region of 
excised bones stored in 70% ethanol in a square plastic 
container. The depth of the liquid was constant for all samples 
and sufficient to cover the limbs by —0.5 inches. 

BMD, as well as bone mineral content (BMC) and 
bone area, were determined for the distal tibia. The region of 
interest was defined as the area between a line drawn parallel 
to the proximal edge of the calcaneus and a second line drawn 
perpendicular to the long axis of the tibia midway between the 
first line and the point where the tibia meets the fibula. The 
point of connection between the fibula and tibia had to be 
approximated in some samples with low BMD. The width of 
the region of interest was kept constant between samples. 

Magnetic resonance imaging. All MRI studies were 
carried out on a 9.4-Tesla AMX spectrometer with micro- 
imaging accessories (Bruker Instruments, Billerica, MA). 
Coronal sections (250 p.m thick) of rat tibiotarsal joints were 
imaged with an in-plane resolution of 70 X 70 /uri." A' time To " 
recovery of 1 second and an echo time of 7.5 ms were used, 
with a data matrix of 256 x 256. The morphologic changes in 
the joint architecture of the AIA control rats were compared 
with those in the normal, non-AIA controls and AIA rats 
treated with SB 242235. The joints were graded as the percent- 
age of joints with no protection (i.e., severe disease, similar to 
AIA controls), moderate protection, or significant protection 
(i.e., similar to normal, non-AIA control animals). 

Micro-CT imaging. All x-ray micro-CT images of the 
intact rat ankle joints were obtained on a micro-CT scanner 
(Scanco Medical, Auenring, Switzerland). A total of 380 slices 
covering a length of 12.9 mm (34 /im thick), with an in-plane 
resolution of 34 x 34 ptm and an integration time of 80 
ms/projection, yielding a total imaging time of 5 hours, were 
collected from each joint. The raw micro-CT images were 
gauss filtered (sigma = 1.2, base = 2) and binarized using a 
constant threshold for all the samples. Only the region around 
the tibiotarsal joint was rendered for 3-dimensional display. 

Histology. Tibiotarsal joints from randomly selected 
animals from the following 3 groups of rats were examined 
histologically: normal, non-AIA rats, AIA control rats, or AIA 
rats treated orally with SB 242235 at 60 mg/kg/day. Rats were 
killed on day 21 by C0 2 administration, and then the hind legs 
were fixed in formalin and decalcified in Cal-Rite (Richard- 



Table 1. Determination of optimal pre treatment time for inhibition 
of LPS-induced TNFa production in rats by SB 242235* 



Treatment 


Pretreatment 
time, hours 


TNFa, pg/ml 


Inhibition, % 


Vehicle 




37,182 ± 2,791 




SB 242235 


4 


11,236 ± 1,927 


70t 




3 


6,887 ± 1,997 


81t 




2 


4318 ± 428 


88t 




1 


2,375 ± 449 


94t 



* A single dose of SB 242235 (15 mg/kg) or vehicle (0 JS% tragacanth 
in 0.03N HC1) was given orally to normal rats at various times prior to 
challenge with lipopolysaccharide (LPS; 3 mg/kg intraperitoneal^). 
Ninety minutes later, the animals were killed and plasma collected. 
Tumor necrosis factor (TNFa) levels were determined by specific 
enzyme-linked immunosorbent assay, and the results are expressed as 
the mean ± SEM of 6 rats per group, 
t P < 0.001 versus treatment with vehicle alone. 



Allen Scientific, Kalamazoo, MI) and the feet were removed 
from the legs at the distal tibial diaphysis. After routine 
processing, the feet were embedded and coronal sections were 
cut in the plane midway through the tibiotarsal and tarsotarsal 
joints. Sections were stained with Safranin O and counter- 
stained with fast green. 

Bioassay for IL-6. Serum samples were collected from 
the rats on day 21 following C0 2 administration. IL-6 levels 
were determined using the previously described B9 bioassay 
(31). Briefly, B9 cells (5 x 1(P cells/well in 96-well, flat-bottom 
plates) were cultured with serial dilutions of rat serum in a 
final volume of 100 jul of RPMI 1640 (Flow Laboratories, 
Rockville, MD) containing 10% fetal bovine serum, 100 
units/ml penicillin, 100 /ig/ml streptomycin, and 2 mM 
L-glutamine (Grand Island Biological, Grand Island, NY). 
After 68 hours, 0.5 yJZi of 3 H-thymidine was added to each 
-well and the plates incubated for 6 hours at 37°C Cells were 
harvested and the radioactivity incorporated was determined. 
IL-6 was quantitated from a standard curve including known 
amounts of rat IL-6 (0.1-100 pg/ml). B9 proliferation was 
unaffected by any agents used in this study. 

RESULTS 

Inhibi tion of TNFa in normal rgts. To determine 
an optimal pretreatment time for inhibition of LPS- 
induced TNFa production in vivo, SB 242235 at a dose 
of 15 mg/kg was administered orally to normal rats at 
various times (4, 3, 2, and 1 hours) prior to LPS 
challenge (3 mg/kg, intraperitoneally). TNFa production 
was inhibited significantly (P < 0.001 versus treatment 
with vehicle alone) at all time points (70%, 81%, 88%, 
and 94% inhibition, respectively) (Table 1). A median 
effective dose <ED 50 ) was determined for SB 242235 in 
rats at a pretreatment time of 2 hours. SB 242235 at 
doses of 10, 5, and 2.5 mg/kg, administered orally in 
normal rats, significantly inhibited the LPS-induced pro- 
duction of TNFa (80% [P < 0.001], 68% [P < 0.001], 
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Table 2. Inhibition of LPS-induced TNFa production in normal rats 
by SB 242235' 



Treatment 


Oral dose, 
mg/kg 


TNFa, pg/ml 


Inhibition, % 


Vehicle 




70,661 i 6,322 




SB 242235 


10 


13,933 ± 3,027 


80t 




5 


22,316 ± 7,688 


68t . 




2.5 


51,111 ± 7,318 


28* 



* A single dose of compound or vehicle (0.5% tragacanth with 0.03N 
HC1) was given orally 2 hours prior to challenge with Iipopolysaccha- 
ride (LPS; 3 'mg/kg intraperitoneally). Ninety minutes later, the 
animals were killed and plasma collected. Tumor necrosis factor a 
(TNFa) levels were determined by specific enzyme-linked immunosor- 
bent assay, and the results are expressed as the mean ± SEM of 6 rats 
per group. The median effective dose was calculated, by linear 
regression analysis, to be 3.99 mg/kg, orally, with 95% confidence 
limits of 2.19-5.82. 

t P < 0.001 versus treatment with vehicle alone. 
t P < 0.05 versus treatment with vehicle alone. 



and 28% [P < 0.05] inhibition, respectively, versus 
treatment with vehicle alone) (Table 2). 

Effect of prophylactic and therapeutic treatment 
with SB 242235 in AIA rats. Paw inflammation. The 
effect of SB 242235 was evaluated using the prophylactic 
dosing protocol, in which the compound was adminis- 
tered to male Lewis rats starting on the day of adjuvant 
injection. SB 242235 was administered in acidified tra- 
gacanth on a daily basis, and paw inflammation was 
measured on day 20. On day 21 the animals were killed 
and the hindlimbs were taken for measurement of BMD 
and for MRI. The data in Table 3 show that SB 242235 
effectively inhibited paw edema in the AIA rat, with an 



Table 3. Inhibition of paw edema in rats with adjuvant-induced 
arthritis (AIA) by SB 242235* 



Oral dose, 

Treatment group mg/kg Paw volume, ml Inhibition, % 



Normal, non-AIA 




1.56 


i 


0.03 




Vehicle-treated AIA 




3.30 




0.18 




control 












SB 242235-treated AIA 


30 


'2.33 




0.12 


56t 




10 


2.72 




0.19 


33* 




3 


2.95 


± 


0.29 


20§ 


Indomethacin-treated 


0.3 


2.48 




0.14 


47t 


AIA 













* AIA was induced by an injection of 0.75 mg of Mycobacterium 
butyricum in paraffin oil (Freund's complete adjuvant) into the base of 
the tail of male Lewis rats. AIA rats were treated prophylactically with 
SB 242235 on days 0-20, and hindpaw volumes (mean ± SEM of 10 
rats per group) were measured by water displacement on day 20. 
t P < 0.001 versus vehicle- treated AIA controls. 
$ P < 0.01 versus vehicle-treated AIA controls. 
§ P not significant versus vehicle-treated AIA controls. 
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Figure 1. Therapeutic activity of SB 242235 on paw edema in 
adjuvant-induced arthritis (AIA) in Lewis rats. Rats were treated with 
SB 242235 in acidified tragacanth at 3, 10, 30, and 60 mg/kg orally or 
with vehicle alone (AIA controls) from day 10 to day 20, and paw 
edema was measured prior to killing of rats on day 21. Values are the 
mean ± SEM of 12 rats per group (with inhibition expressed as a 
percentage of AIA controls). **=/>< 0.01 and * * * = P. < 0.001 
versus AIA controls, ns « not significant; Indo = indomethacin. 



ED 50 of —30 mg/kg and a minimal effective dose of 10 
mg/kg. 

SB 242235 was also tested in the AIA rat using a 
therapeutic dosing protocol, which was used to more 
closely represent the treatment of RA in humans. In 
these experiments, rats were immunized with adjuvant 
on day 0 and treated with compound on days 10-20 
(daily). Using this protocol, hindpaw inflammation was 
inhibited by 73% at 60 mg/kg (P < 0.001), by 51% at 30 
mg/kg (P < 0.001), and 19% at 10 mg/kg (P < 0.01) 
compared with treatment with vehicle alone (Figure 1). 
There was no activity at 3 mg/kg. 

Bone mineral density. BMD was determined by 
DEXA using the Hologic QDR-1000 equipped with 
high-resolution scanning software. Scans were made of 
the distal tibia obtained from the animals on day 21. 
BMD, as well as BMC and bone area, were determined. 
Bone integrity of normal control rats was assigned a 
value of 100%, and that of AIA control rats a value of 
0%. Compared with the normal, non-AIA "control rats, 
animals treated prophylactically with 30 mg/kg and 10 
mg/kg of SB 242235 showed a significant normalization 
of BMD and BMC. There was 49% (P < 0.001) and 23% 
(? < 0.05) normalization of BMD at the 30 mg/kg and 10 
mg/kg doses, respectively, and a 44% (P < 0.001) and 
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Figure 2. Bone densitometry evaluation of the distal tibia in AIA rats 
treated with SB 242235. Rats were treated with various doses of 
compound on days 0-20 (prophylactic) or days 10-20 (therapeutic). 
Values are the mean and SEM of 12 rats per group (with changes 
expressed as a percentage of normal controls [assigned a value of 
100%]). A and B, Bone mineral density (BMD) and bone mineral 
content (BMC) of rats treated prophylactically. C and D, BMD and 
BMC of rats treated therapeutically. * = P < 0.05, * * « P < 0.01, and 
***«/>< 0.001 versus normal controls (N). See Figure 1 for other 
definitions. 

28% (P < 0.05) normalization of BMC, respectively, at 
those doses (Figures 2A and B). 

Following therapeutic treatment, in which ani- 
mals were dosed starting on day 10 following adjuvant 
injection and. then dosed daily until day 20, there was 
also a significant normalization of BMD and BMC. 
There was 53% (P < 0.001) and 32% (P < 0.001) 
normalization of BMD at the 60 mg/kg and 30 mg/kg 
doses, respectively, and a 50% (P < 0.001) and 33% 
(P < 0.01) normalization of BMC, respectively, at these 
doses (Figures 2C and D). 

Magnetic resonance imaging. The morphologic 
changes in the joint architecture of AIA rats were 
assessed by MRI and compared with those in normal 
(non-AIA) control rats and in AIA rats treated thera- 
peutically with SB 242235. Ex vivo MR images were 
obtained in the intact left and right tibio tarsal joints 
from normal, non-AIA rats (n = 6), AIA control rats 
(n = 12), and AIA rats treated with SB 242235 (30 
mg/kg, n = 10; 60 mg/kg, n = 12) or with indomethacin 
(0,5 mg/kg, n = 10). The images were ranked as showing 
either significant protection (no change from control), 
moderate protection, or no protection observed (similar 
to AIA controls). SB 242235 demonstrated a dose- 
related efficacy, with 60% of the joints being protected 
at 30 mg/kg and 80% being protected at 60 mg/kg 
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Figure 3. Magnetic resonance imaging of tibiotarsal joints of AIA rats 
treated therapeutically with SB 242235 (n = 10 at 30 mg/kg; n = 12 at 
60 mg/kg). Data are the percentage of joints showing moderate, 
significant, or no protection by SB 242235 compared with AIA controls 
(n = 12) or normal controls (n = 6; data not shown), n « 10 AIA rats 
treated with indomethacin at 0.5 mg/kg. See Figure 1 for definitions. 



(Figure 3). In comparison, in the indomethacin-treated 
group, <30% of the joints were protected. 

Figure 4 shows images of joints from 4 rats from 
the control, non-AIA group, from the AIA control 
group, and from the AIA rats treated with SB 242235. 
The joints from the normal rats (Figure 4A) exhibited 
"intact joint architecture. The distal tibia, fibula, and talus, 
were well defined and there was no edema. The joints 
from the AIA control group (Figure 4B) exhibited 
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Figure 4. Representative coronal magnetic resonance images of tib- 
iotarsal joints from A, normal, non-AIA rats; B, rats with AIA; and C, 
rats with AIA treated with SB 242235 at 60 mg/kg. See Figure 1 for 
definitions. 
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Figure 5. Micro-computed tomography views (coronal and sagittal) 
of rat tibiotarsal joints rendered in representative 3-dimensionaI 
images. A-C, Coronal views of a tibiotarsal joint from a normal, 
non-AIA rat, an A1A control rat, and an AIA rat treated therapeuti- 
cally with SB 242235 (60 mg/kg), respectively. The distal tibia (DT), 
distal fibula (DF), and the talus (T) can be clearly visualized in the 
images. Significant bone-related damage can be seen in the image of 
the joint from the AIA control rat as compared with the joint from the 
normal rat, and significant protection is apparent with SB 242235. D-F, 
Sagittal views of the same joints as those shown in A-C. Sagittal images 
afford clear visualization of the calcaneus (C), where a significant 
amount: of destruction has taken place. Again, significant protection is 
afforded by treatment with SB 242235. See Figure 1 for other 
definitions. 



significant damage as well as swelling, and there was a 
marked loss in cortical as well as trabecular bone. The 
joints from the SB 242235-treated group (Figure 4C) 
exhibited significant inhibition of damage, and closely 
resembled the joints from the normal, non-AIA controls. 

Micro-CT. The micro-CT images afforded a vivid, 
nondestructive visualization of the bone changes that 
occurred over the entire tibiotarsal joint. Coronal and 
sagittal views of the joints are shown in Figure 5. Images 
of a normal rat joint (Figures 5A and D) showed intact 
joint architecture as well as normal bone surfaces. The 
various bones that constitute the joint, namely, the distal 
tibia/fibula, talus, and the calcaneus, were clearly re- 
solved. The joint from the AIA control rat (Figures 5B 
and E) showed marked erosion of several bone surfaces, 
especially at the junction of the distal tibia and fibula 
and also along the length of the calcaneus. Degenerative 
changes were also visible on the talus. The images of the 
joint from an AIA rat treated with SB 242235 (Figures 
5C and F) showed the protective effects of the com- 
pound in inhibiting the degenerative changes. Isolated 
regions of bone erosion could be visualized, but the 
integrity of the joint architecture was clearly preserved. 

Histology. For histologic evaluation, randomly 
selected limbs from the controls and treated groups of 



rats were sectioned through the tibiotarsal and tarsotar- 
sal joints and examined for pathologic changes to the 
soft and connective tissues. Photomicrographs of a joint 
from a normal rat, a rat challenged with adjuvant and 
then treated with vehicle (AIA control), and from AIA 




Figure 6. Photomicrographs of rat tibiotarsal joints. A and B, A 
normal tibiotarsal joint from a non-AIA rat. Articular cartilage is 
stained with Safranin O (pink), and other tissues are stained blue/ 
green. The articulation of the distal tibia and the proximal tarsus runs 
vertically through the center of the image. Note the normal joint 
architecture. C and D, Coronal section of a tibiotarsal joint from a 
vehicle-treated control AIA rat E and F, A tibiotarsal joint from an 
AIA rat administered 05 mg/kg/day indomethacin on days 10-20. 
Compared with the vehicle-treated AIA joint, treatment with indo- 
methacin has limited the severity of the joint destruction. Numerous 
osteoclasts are evident on the subchondral bone surfaces. G and H, 
Coronal section of a tibiotarsal joint from an AIA rat administered 60 
mg/kg/day SB 242235 therapeutically on days 10-20. Note that com- 
pared with the joint from the AIA control rat, joint integrity has been 
significantly maintained with SB 242235. See Figure 1 for definitions. 
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rats treated with either indomethacin or SB 242235 are 
shown in Figure 6. Joint architecture of a normal joint is 
shown in Figures 6A and B. In the AIA control joint 
(Figures 6C and D), all of the original bone and marrow 
had been replaced by granulation tissue and newly 
formed woven bone. Remnants of articular cartilage 
were evident and the former joint space had been 
infiltrated with granulation tissue. A representative joint 
from an AIA rat treated with indomethacin is shown in 
Figures 6E and F. When compared with the vehicle- 
treated joints, all joints examined from the 
indomethacin-treated group demonstrated some protec- 
tion of joint integrity. Bone destruction and the replace- 
ment of marrow with granulation remained extensive 
throughout the. tibia and tarsus. However, loss of pro- 
teoglycan from the articular cartilage was attenuated. A 
tibiotarsal joint from an AIA rat treated therapeutically 
with SB 242235 is shown in Figures 6G and H. In all of 
the joints examined from the rats administered SB 
242235, there was a clear protective effect on the joint 
integrity. Treatment resulted in protection of the joint 
space, articular surfaces, proteoglycan loss, and sub- 
chondral bone architecture. 

Serum IL-6. IL-6 has been shown to be increased 
markedly in different biologic fluids in patients with 
autoimmune disease, particularly those with RA (32- 
34), and the level in various inflammatory compartments 
appears to be a sensitive marker of disease activity. After 
therapeutic administration of SB 242235, there was a 
significant inhibition of this cytokine at the 60 mg/kg 
dose, but not at the lower doses (Figure 7). * 

DISCUSSION 

The p38a MAP kinase, a member of the MAP 
kinase family of serine-threonine protein kinases, was 
first identified as a protein kinase activated in mouse 
macrophages in response to LPS (16). Subsequently, 
CSBP2, the human ortholog of p38, was identified as the 
molecular target of the pyridinyl imidazole class of 
antiinflammatory agents. The inhibition of p38 MAP 
kinase and subsequent inhibition of "the synthesis of a 
number of important proinflammatory proteins has 
been identified as the primary mechanism contributing 
to the antiinflammatory activity of these compounds. 
Examples of inhibited cytokines are IL-1 and TNFa, 
IL-6, IL-8, and granulocyte-macrophage colony- 
stimulating factor, but not granulocyte colony- 
stimulating factor or IL-1 receptor antagonist 
(12,13,25,35). 

The p38 pathway and the closely related JNK and 
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Figure 7. Inhibition of serum levels of interleukin-6 (IL-6) in AIA rats 
treated with SB 242235. Rats were administered SB 242235 orally from 
day 10 to day 20. Serum IL-6 levels were measured on day 21. Values 
are the mean ± SEM of 12 animals per group (with inhibition 
expressed as a percentage of AIA controls). 0.001 versus 

AIA controls. See Figure 1 for other definitions. 



ERK kinase signaling pathways are commonly associ- 
ated with the early stages of host response to injury and 
infection, and their potential role in various pathologic 
conditions has made them targets for therapeutic inter- 
vention. The p38 MAP kinase signaling pathway is 
activated by a variety of stressful stimuli, including heat, 
ultraviolet light, LPS, inflammatory cytokines (IL-1 and 
TNF), and high osmolarity (16). When activated, p38 
phosphorylates a number of down-stream substrates, 
which include kinases (MAPKAP K2 and K3, MST, 
MSK, PRAK) and transcription factors (CHOP, MEF2, 
CREB, and ATF2), and subsequently regulates the 
synthesis of several cytokines believed to be responsible 
for inflammation and tissue destruction in diseases such 
as RA. The pyridinyl imidazoles, by virtue of their 
inhibition of p38 kinase, have been shown to inhibit 
cytokine biosynthesis at both the transcriptional and 
translational level; however, at present, comprehensive 
mechanisms detailing all of the steps involved in cyto- 
kine regulation are unknown. 

In general, the pyridinyl imidazole class inhibits 
the 2 splice forms of p38 (CSBP1 and CSBP2) as well as 
another homolog of p38 kinase, p38j32 (36), but not the 
closely related p38y or p385, JNK, and ERK protein 
kinases. Although SB 203580 inhibits JNK2/31 and c-raf 
(28), a large number of other serine-threonine or ty- 
rosine protein kinases are unaffected (36). Similar to SB 
203580, SB 242235 inhibits CSBP/p38a MAP kinase 
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(IC 50 0.1 pM) and p38/32 MAP kinase (IC 50 1 ixM), but 
not p38y or p385 MAP kinases. In contrast to SB 
203580, SB 242235 does not inhibit JNK2/31 and ERK2 
(Lee JC et al: unpublished observations). The mecha- 
nism of action of these p38 inhibitors is to compete with 
ATP by forming a 4-fluorophenyl binding pocket be- 
hind, and orthogonal to, the site normally occupied by 
the adenine ring of ATP (37). 

Our previous studies with another member of this 
family of p38 inhibitors, SB 203580, showed it to be an 
effective antiinflammatory agent in the AIA rat when 
administered prophylactically (20), and also demon- 
strated that the antiinflammatory and disease-modifying 
activity was unlikely to be due to immunosuppression 
since little to no suppression was observed in mouse 
models of immune function (20,21). However, the eval- 
uation of its activity when administered therapeutically, 
a more relevant model for RA, was not performed. In 
addition, although improvement in bone density by 
DEXA was observed, closer examination of joint integ- 
rity using imaging technologies_ such as MRI and 
micro-CT was also not performed." " 

In the studies described in the present report, we 
have shown that SB 242235 is a potent inhibitor of 
LPS-induced TNFa production in the plasma of normal 
rats. The optimal pretreatment time was 1-2 hours, 
although highly significant activity was seen 4 hours 
postdosing. SB 242235 demonstrated excellent inhibi- 
tory activity with regard to TNFa production after oral 
administration of a range of doses. The ED 50 for inhi- 
bition of LPS-stimulated TNFa was 3.99 mg/kg given 
orally. The compound also inhibited LPS-induced TNFa 
production in the mouse with a potency similar to that in 
the rat (data not shown). 

Antiinflammatory activity was observed in AIA 
in Lewis rats when SB 242235 was administered orally at 
10, 30, and 60 mg/kg either prophylactically or therapeu- 
tically. There was a 73% inhibition of paw edema and a 
53% normalization of BMD at the 60 mg/kg therapeutic 
dose, and 51% inhibition of paw edema with 32% 
normalization of BMD at the 30 mg/kg dose. This is 
significant activity for a small molecule cytokine inhibi- 
tor in such an aggressive arthritis model. Additional 
evidence for disease-modifying activity for the com- 
pound was provided by the obvious, improvement ob- 
served in the MR images, in which 80% of the joints 
were significantly protected by treatment at the 60 mg/kg 
dose. In addition, micro-CT technology, which is 
uniquely suited for comprehensive 3-dimensional analy- 
sis of bone-related changes in the AIA rat, showed clear 
protection with SB 242235. This was particularly appar- 



ent in the distal tibia and the calcaneus. This is the first 
report describing the utility of this technology to evalu- 
ate joint integrity in the AIA rat. Histologic evaluation 
of representative joints showed that treatment resulted 
in protection of the joint space, the articular surfaces, 
and the subchondral bone structure, although synovial 
inflammation was still apparent. SB 242235 treatment at 
the 60-mg/kg dose also reduced circulating levels of IL-6. 
Previous studies in vitro have shown inhibition of IL-6 
production from ;LPS-stimulated human monocytes, 
with an IC 50 of 1.2 \iM (Lee JC et al: unpublished 
observations). 

The protection afforded by SB 242235 is consid- 
erable when compared with the nonsteroidal antiinflam- 
matory drug (NSAID) indomethacin. Although indo- 
methacin does have some bone-protective effects in the 
AIA rat, they are not significant. There was no improve- 
ment in BMD measurements compared with the ar- 
thritic controls following therapeutic treatment with 
indomethacin, and histologic evaluation indicated that, 
whereas protection of the cartilage was apparent, bene- 
ficial effects on bone were minimal. In addition, whereas 
NSAIDs have antiinflammatory effects in RA patients, 
they do not protect the bone from damage. Of particular 
relevance is the fact that indomethacin does not inhibit 
TNFa production in vitro or in vivo (Griswold D: 
unpublished observations), whereas this is a hallmark of 
CSAID activity. Inhibition of TNFa by these compounds 
makes them very attractive candidates for treatment of 
RA, particularly since inhibition of TNFa using mono- 
clonal antibodies to the cytokine or its soluble receptor 
are clinically efficacious in RA (14,15). 

The profile of activity described here for SB 
242235 suggests strongly that orally active, small molec- 
ular weight cytokine inhibitors could provide significant 
benefit in the treatment of chronic inflammatory dis- 
eases such as RA. 
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Background & Alms : We investigated If inhibition of mi- 
togen-activated protein kinases (MAPKs) was beneficial 
in Crohn's disease. Methods: Inhibition of JNK and p38 
MAPK activation with CN 1-1493, a guanylhydrazone, was 
tested in vitro. Twelve patients with severe Crohn's dis- 
ease (mean baseline, CDAI 380) were randomly as- 
signed to receive either 8 or 25 mg/m 2 CNI-1493 daily 
for 12 days. Clinical endpoints included safety, Crohn's 
Disease Activity Index (CDAI), Inflammatory Bowel Dis- 
ease Questionnaire, and the Crohn's Disease Endo- 
scopic Index of Severity. Results : Colonic biopsies 
displayed enhanced JNK and p38 MAPK activation. CNI- 
1493 inhibition of both JNK and p38 phosphorylation 
was observed in vitro. Treatment resulted in diminished 
JNK phosphorylation and tumor necrosis factor produc- 
tion as well as significant clinical benefit and rapid 
endoscopic ulcer healing. No serious adverse events 
were noted. A CDAI decrease of 120 at week 4 (P = 
0.005) and 146.5 at week 8 (P = 0.005) was observed. 
A clinical response was seen in 67% of patients at 4 
weeks and 58% at 8 weeks. Clinical remission was 
observed in 25% of patients at week 4 and 42% at week 
8. Endoscopic improvement occurred in all but 1 patient. 
Response was seen In 3 of 6 infliximab failures, 2 of 
whom showed remission. Fistulae healing occurred in 4 
of 5 patients, and steroids were tapered in 89% of 
patients. Conclusions : Inflammatory MAPKs are criti- 
cally involved in the pathogenesis of Crohn's disease 
and their inhibition provides a novel therapeutic strat- 
egy. 

Crohn's disease (CD) is a chronic inflammatory disor- 
der of the gastrointestinal tract, which is thought to 
arise in genetically susceptible hosts caused, by an inap- 
propriate immunologic response against the microflora of 
the gut. The immune defect is unclear; however, recently 
a gene for CD was identified encoding NOD2, a protein 
involved in the recognition of microbes and signalling 
events leading to an immune response. 1 * 2 This finding 



directly links the mucosal immune response to enteric 
bacteria and the development of disease. 

Tumor necrosis factor (TNF) plays a central role in the 
initiation and amplification of the inflammatory reaction 
observed in CD. 3 Monoclonal antibodies against TNF 
have been proven efficacious in both inducing clinical 
remission and endoscopic healing. 4,5 An alternative 
means of inhibiting TNF action is by inhibition of 
mitogen-activated protein kinases (MAPKs), signal- 
transducing enzymes that regulate important cellular 
processes like gene expression and cell proliferation.^ 
Targeting the p38 MAPK signalling cascade led to 
reduction of lipopolysaccharide (LPS)-induced TNF pro- 
duction in rodents. 7 Hence, MAPK inhibition has been 
suggested as an anti-inflammatory strategy. 8 However, 
evidence that these proteins are required for the patho- 
genesis of inflammatory disease and that MAPK inhibi- 
tion constitutes a therapeutic target is lacking. 

An interesting candidate would be CNI-1493, a 
guanylhydrazone that inhibits the phosphorylation of 
both p38 MAP kinase and JNK. 8 * 9 CNM493 has been 
shown to inhibit macrophage activation and the produc- 
tion of several proinflammatory cytokines (TNF-a, IL-1, 
IL-6, MlP-la, MIP-10) and nitric oxide. 10 * 11 Further- 
more, it was shown to be protective in a number of 
preclinical models, including endotoxic shock, 10 * 12 acute 
respiratory distress syndrome, 13 * 14 sepsis, 10 pancreati- 
tis, 13 * 14 experimental allergic encephalomyelitis, 15 
stroke, 16 rheumatoid arthritis, and dextran sulfate so- 
dium colitis (data on file). 



Abbreviations used In this paper: CDEIS, Crohn's Disease Endo- 
scopic Index of Severity; CRP, C-reactive protein; HRP, horseradish 
peroxidase; IBDQ, Inflammatory Bowel Disease Questionnaire; LPS, 
lipopolysacchride; MAPK, mitogen-activated protein kinase; PBMCs, 
peripheral blood mononuclear cell; TNF, tumor necrosis factor. 
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The goal of the current study was to investigate if 
MAP kinase activation was present in patients with CD, 
and to examine if inhibition of MAP kinase activation 
was a safe and effective novel therapeutic approach. 

Materials and Methods 

Effect of CNI-1493 on JNK and p38 MAPK 
Activation In Vitro 

Peripheral blood mononuclear cells (PBMCs) obtained 
from healthy volunteers were stimulated with LPS for 15 
minutes in the presence of increasing concentrations of CNI- 
1493 or diluent. Analysis of MAPK phosphorylation was 
performed using Western blotting and phosphospecific anti- 
bodies (Cell Signalling, Beverly, MA). 

Patients 

Twelve patients were enrolled in a doubled-blinded 
fashion to receive either 8 or 25 mg/m 2 of CNI-1493 intrave- 
nously once daily for 12 consecutive days. Patients were re- 
quired to suffer from moderate to severe CD, i.e., a Crohn's 
Disease Activity Index (CDAI) 17 of 2: 220 and ^ 450; to have 
a CD history of at least 3 months duration, with colitis, ileitis, 
or ileocolitis confirmed by radiography, endoscopy, and his- 
tology. Furthermore, patients had to be on a stable dose of 
corticosteroids, aminosalicylates, or antibiotics at least 4 weeks 
before inclusion. Patients receiving methotrexate, 6-mercapto- 
purine, or azathioprine should have had stable dosages for at 
least 8 weeks before inclusion. Patients with extensive bowel 
resection (e.g., > 100 cm of small bowel, proctocolectomy, or 
colectomy with ileorectal anastomosis) or fixed stenosis were 
excluded. 

The primary endpojnts were safety evaluations, as deter- 
mined by occurrence of (1) adverse events and (2) stopping 
medication because of adverse events. The secondary endpoints 
were efficacy evaluations: (1) occurrence of a clinical response as 
defined by achieving a reduction of CDAI of 2:25% and 2=70 
points as compared with baseline, occurring at least once after 
the start of treatment, and (2) occurrence of a clinical remis- 
sion, defined as a reduction of CDAI to below 150, occurring 
at least once after the start of treatment. Safety and tolerability 
was evaluated by clinical assessment of adverse events and 
changes in standard hematologic and biochemical laboratory 
parameters. Other clinical assessments of efficacy included the 
Inflammatory Bowel Disease Questionnaire (IBDQ), 18 the 
Crohn's Disease Endoscopic Index of Severity (CDEIS), 19 and 
C-reactive protein (CRP) levels. Increasing IBDQ scores indi- 
cate improvement, values above 170 are considered normal. 
The CDEIS is a score, which is based on the presence of deep 
or superficial ulceration, the proportion of ulcerated surface, 
and the presence of ulcerated or nonulcerated stenosis in the 
terminal ileum and 4 different segments of the colon. At every 
visit, enterocutaneous or rectovaginal fistulas were examined to 
determine whether a fistula was present, open or closed. An 
enterocutaneous fistula was considered to be closed when it was 



no longer draining despite gentle compression. Rectovaginal 
fistulas were considered to be closed, based on either physical 
examination or absence of relevant symptoms (passage of rectal 
material or flatus from vagina). Written informed consent has 
been obtained from all patients, and the study has been 
approved by the Ethical Committee of the Academic Medical 
Center, Amsterdam. 

Immunohistochemistry 

Mucosal biopsy specimens of the intestine were ob- 
tained during videoendoscopy at the time of screening and at 
the end of week 4 for 6 patients. At both occasions biopsies 
were taken from most affected regions of inflammation, and 
subsequently formalin fixed and paraffin embedded. If patients 
were in remission at week 4, biopsies were taken form areas 
with apparent residual inflammatory changes. As a control, 
histological normal biopsies were obtained from non-CD pa- 
tients. Paraffin sections (4 Jim) were dewaxed and rehydrated 
in graded alcohols. Endogenous peroxidase activity was 
quenched with 1.5% H 2 0 2 in phosphate-buffered saline (PBS) 
for 30 minutes at room temperature. Nonspecific staining was 
blocked with 10 mmol/L Tris, 5 mmol/L EDTA, 0.15 mol/L 
NaCl, 0.25% gelatin, 0.05% (vol/vol) Tween 20, pH 8.0, for 
30 minutes at room temperature. After a washing with PBS 
the after primary Abs were applied: a mouse monoclonal 
anti-human antibody to phosphorylated JNK (Santa Cruz, CA; 
1:400), a mouse monoclonal anti-human antibody to phos- 
phorylated p38 MAPK (Cell Signalling, Beverly, MA; 1:25) 
or a mouse monoclonal immunoglobulin (Ig) M Ab against 
TNF-a, clone 4C6-H6 (Instruchemie, Hilversum, the Neth- 
erlands; 1:25). Sections were stored overnight at 4°C. The 
following day sections were washed in PBS and incubated with 
a secondary biotinylated goat anti-mouse Ig Ab (DAKO, 
Glostrup, Denmark; 1:200) for 1 hour at room temperature 
and washed with PBS. Detection was performed either with 
horseradish peroxidase (HRP) as an enzyme. Sections were 
incubated with HRP conjugated ABcomplex (DAKO) for 60 
minutes and peroxidase activity was detected with diamino- 
benzidine (fast DAB, Sigma, St. Louis, MO). Sections were 
briefly counterstained with hematoxylin when appropriate, 
dehydrated in graded alcohols, and mounted. Controls con- 
sisted of omitting the primary and secondary Ab and use of an 
appropriate Ig control. 

MAPKs Activation and TNF 
Immunohistochemistry 

To assess the amount of TNF and the activity of JNK 
and p38 in situ in the human colon, screening and week 4 
specimens available from 6 patients and controls were stained 
for TNF-a and phosphorylated JNK/p38. No counterstaining 
was applied to these sections to visualize positive cell more 
clearly. Three pictures of each section were taken at X400 
magnification, and positive cells were counted, blind to treat- 
ment and day of endoscopy, in each microscope field with the 
use of an image analysis program (EFM Software, Rotterdam, 
the Netherlands). Pictures appeared randomly on a computer 
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The goal of the current study was to investigate if 
MAP kinase activation was present in patients with CD, 
and to examine if inhibition of MAP kinase activation 
was a safe and effective novel therapeutic approach. 

Materials and Methods 

Effect of CNI-1493 on JNK and p38 MAPK 

Activation In Vitro 

Peripheral blood mononuclear cells (PBMCs) obtained 
from healthy volunteers were stimulated with LPS for 15 
minutes in the presence of increasing concentrations of CNI- 
1493 or diluent. Analysis of MAPK phosphorylation was 
performed using Western blotting and phosphospecific anti- 
bodies (Cell Signalling, Beverly, MA). 

Patients 

Twelve patients were enrolled in a doubled -blinded 
fashion to receive either 8 or 25 mg/m 2 of CNI-1493 intrave- 
nously once daily for 12 consecutive days. Patients were re- 
quired to suffer from moderate to severe CD, i.e., a Crohn's 
Disease Activity Index (CDAI) 17 of > 220 and ^ 450; to have 
a CD history of at least 3 months duration, with colitis, ileitis, 
or ileocolitis confirmed by radiography, endoscopy, and his- 
tology. Furthermore, patients had to be on a stable dose of 
corticosteroids, aminosalicylates, or antibiotics at least 4 weeks 
before inclusion. Patients receiving methotrexate, 6-mercapto- 
purine, or azathioprine should have had stable dosages for at 
least 8 weeks before inclusion. Patients with extensive bowel 
resection (e.g., >100 cm of small bowel, proctocolectomy, or 
colectomy with ileorectal anastomosis) or fixed stenosis were 
excluded. 

The primary endpoints were safety evaluations, as deter- 
mined by occurrence of (1) adverse events and (2) stopping 
medication because of adverse events. The secondary endpoints 
were efficacy evaluations: (1) occurrence of a clinical response as 
defined by achieving a reduction of CDAI of ^25% and ^70 
points as compared with baseline, occurring at least once after 
the start of treatment, and (2) occurrence of a clinical remis- 
sion, defined as a reduction of CDAI to below 150, occurring 
at least once after the start of treatment. Safety and tolerability 
was evaluated by clinical assessment of adverse events and 
changes in standard hematologic and biochemical laboratory 
parameters. Other clinical assessments of efficacy included the 
Inflammatory Bowel Disease Questionnaire (IBDQ), 18 the 
Crohn's Disease Endoscopic Index of Severity (CDEIS), 19 and 
C-reactive protein (CRP) levels. Increasing IBDQ scores indi- 
cate improvement, values above 170 are considered normal. 
The CDEIS is a score, which is based on the presence of deep 
or superficial ulceration, the proportion of ulcerated surface, 
and the presence of ulcerated or nonuicerated stenosis in the 
terminal ileum and 4 different segments of the colon. At every 
visit, enterocutaneous or rectovaginal fistulas were examined to 
determine whether a fistula was present, open or closed. An 
enterocutaneous fistula was considered to be closed when it was 



no longer draining despite gentle compression. Rectovaginal 
fistulas were considered to be closed, based on either, physical 
examination or absence of relevant symptoms (passage of rectal 
material or flatus from vagina). Written informed consent has 
been obtained from all patients, and the study has been 
approved by the Ethical Committee of the Academic Medical 
Center, Amsterdam. 

immunohistochemistry 

Mucosal biopsy specimens of the intestine were ob- 
tained during videoendoscopy at the time of screening and at 
the end of week 4 for 6 patients. At both occasions biopsies 
were taken from most affected regions of inflammation, and 
subsequently formalin fixed and paraffin embedded. If patients 
were in remission at week 4, biopsies were taken form areas 
with apparent residual inflammatory changes. As a control, 
histological normal biopsies were obtained from non-CD pa- 
tients. Paraffin sections (4 u.m) were dewaxed and rehydrated 
in graded alcohols. Endogenous peroxidase activity was 
quenched with 1.5% H 2 0 2 in phosphate-buffered saline (PBS) 
for 30 minutes at room temperature. Nonspecific staining was 
blocked with 10 mmol/L Tris, 5 mmol/L EDTA, 0.15 mol/L 
NaCl, 0.25% gelatin, 0.05% (vol/vol) Tween 20, pH 8,0, for 
30 minutes at room temperature. After a washing with PBS 
the after primary Abs were applied: a mouse monoclonal 
anti-human antibody to phosphorylated JNK (Santa Cruz, CA; 
1:400), a mouse monoclonal anti-human antibody to phos- 
phorylated p38 MAPK (Cell Signalling, Beverly, MA; 1:25) 
or a mouse monoclonal immunoglobulin (Ig) M Ab against 
TNF-ox, clone 4C6-H6 (Instruchemie, Hilversum, the Neth- 
erlands; 1:25). Sections were stored overnight at 4°C The 
following day sections were washed in PBS and incubated with 
a secondary biotinylated goat anti-mouse Ig Ab (DAKO, 
Glostrup, Denmark; 1:200) for 1 hour at room temperature 
and washed with PBS. Detection was performed either with 
horseradish peroxidase (HRP) as an enzyme. Sections were 
incubated with HRP conjugated ABcomplex (DAKO) for 60 
minutes and peroxidase activity was detected with diamino- 
benzidine (fast DAB, Sigma, St. Louis, MO). Sections were 
briefly counterstained with hematoxylin when appropriate, 
dehydrated in graded alcohols, and mounted. Controls con- 
sisted of omitting the primary and secondary Ab and use of an 
appropriate Ig control. 

MAPKs Activation and TNF 
Immunohistochemistry 

To assess the amount of TNF and the activity of JNK 
and p38. in situ in the human colon, screening and week 4 
specimens available from 6 patients and controls were stained 
for TNF-a and phosphorylated JNK/p38. No counterstaimng 
was applied to these sections to visualize positive cell more 
clearly. Three pictures of each section were taken at X400 
magnification, and positive cells were counted, blind to treat- 
ment and day of endoscopy, in each microscope field, with the 
use of an image analysis program (EFM Software, Rotterdam, 
the Netherlands). Pictures appeared randomly on a computer 
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Figure 1. Involvement of MAPKs In CD. Patients received 12 days of intravenous infusions with CNI-1493 (8 or 25 mg/m 2 ). Paired biopsies were 
obtained at screening (day 1) and at week 4 for 6 patients. Sections were stained for phospho-JNK, phospho-p38 MAPK, and TNF<x. (A) Many 
inflammatory cells stained positive for phospho-JNK (original magnification, 200x). (fl) After treatment with the MAPK inhibitor, a reduced number 
of cells stain positive for phospho-JNK (original magnification, 200X). (C) Inflammatory cell staining positive for phospho-JNK were lELs {dotted 
arrow, CD3+) or LP macrophages (closed arrows, CD68+) (1000X). (D) Activated p38 MAPK was observed in migrating neutrophils localized 
in crypt abscesses (1000 x). The number of TNF staining cells in the lamina propria in biopsy specimens taken (E) before CNI-1493 treatment 
(400 x) was significantly higher than in specimens taken (F) after treatment (400x). 
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monitor and all intensely staining cells were marked positive 
by an observer, counted, and stored by the image analysis 
program for later data analysis. 

Statistical Analysis 

All measures of efficacy were evaluated by intention- 
to-treat analysis. Change from baseline within groups was 
analyzed by use of the Wilcoxon signed rank test. Change from 
baseline between groups at a specified time point was analyzed 
by use of the Wilcoxon rank-sum test. Comparisons between 
groups over the course of study were evaluated by use of 
repeated measures analysis of variance. Last observation carried 
forward analysis was implemented for missing data. The cor- 
relation between CDAI and CDEIS change from baseline was 
analyzed by use of the Pearson correlation coefficient. Baseline 
categorical variables were analyzed with Fisher exact test and 
continuous variables with the Wilcoxon rank-sum test. 

Results 

JNK and p38 MAPK Are Activated in 
Active CD 

Although MAPKs have been, implicated in regu- 
lation of inflammatory responses, actual involvement of 
MAPKs in chronic inflammatory disease has not yet been 
demonstrated. Recently, Waetzig et al. 2 ° reported in- 
creased activity of stress-activated MAPKs in CD. In 
colonic biopsies taken from patients with active CD, we 
show that activation of JNK and p38 MAPK is markedly 



present (Figure 1A and D). Activated P 38 MAPK was 
observed in infiltrating neutrophils (Figure ID) and in 
epithelial cells (not shown). Abundant active JNK was 
observed in inflammatory cells, especially intraepithelial 
lymphocytes (IELs, CD3 + ) and lamina propria cells 
([LPs] macrophages, CD68 + ) stained positive (Figure 1A 
and C). Quantative comparison to histological normal 
biopsies showed that the number of phopspho-JNK pos- 
itive cells was significantly increased (Figure 2B). As 
expected, the number of TNF-a positive cells in the 
colon mucosa of CD patients was also significantly in- 
creased compared with normal controls (Figure 2B). 

CNI-1493 Is a Potent JNK and p38 MAPK 
Inhibitor In Vitro 

CNI-1493 is reported to inhibit stress-activated 
MAP kinases in lymphocyte cell lines. 21 To confirm 
whether this compound exerts similar action in untrans- 
formed cells, we stimulated PBMCs with LPS in the 
presence of increasing concentrations of CNI-1493- UNl- 
1493 inhibited LPS-induced phosphorylation of both 
P 38 MAPK and JNK in a dose-dependent fashion, al- 
though apparently with a higher efficacy for inhibiting 
JNK (Figure 2A). Thus, CNI-1493 effectively inhibits 
the stress-activated MAPKs in untransformed cells. 
Therefore, we decided to use this inhibitor for elucidat- 
ing their role in CD. 
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Safety and Efficacy of CNI-1483 in CD 

We included 12 patients with severe CD (Table 
1), 8 completed therapy. Two discontinued (after 6 and 
9 doses of medication, both receiving 25 mg/m 2 daily) 
because of elevated alanine aminotransferase levels; one 
after 11 doses caused by a catheter-related infection (8 
mg/m 2 daily), and one after 9 doses because of deterio- 
ration of CD (25 mg/m 2 daily). Treatment was generally 
well tolerated, side effects included phlebitis in 2 pa- 
tients in each dosing group, and asymptomatic and tran- 
sient elevation of liver enzymes in 1 patient in the 
low-dose and 5 patients in the high-dose group (Table 2). 

For both dose groups combined, we observed a median 
change from baseline CDAI of -117.5 at 2 weeks (P = 
0.003), -120 at 4 weeks (P = 0.005), -146.5 at 8 
weeks (P = 0.005), and -148 at 16 weeks (P = 0.007). 
Figure 3 A shows CDAI scores, data are censored at the 
last observation before any change in concomitant 
Crohn's therapy or addition of other medication, and the 
last observation is carried forward. Table 3 summarizes 
the response rates as well as the remission rates according 
to the predefined criteria. At 4 weeks from the start of 
treatment, 25% of patients were in remission, and 67% 
had responded. At 4 months after the start of treatment, 
without additional medications, half the patients were in 
remission and 58% were responders. The response rates 
in both treatment groups were similar, though the small 
sample size of each group precludes precise conclusions. 
Three of 6 patients who did not respond to prior inflix- 
imab therapy showed a response after CNI-1493 admin- 
istration, of whom 2 entered remission. In parallel with 
the CDAI changes, we observed a median IBDQ increase 
from baseline of 21.5 at 2 weeks (P = 0.02), 36.5 at 4 
weeks (P = 0.01), 43 at 8 weeks (P = 0.007), and 33.5 
at 16 weeks (P = 0.002) in both groups combined 



Table 2. Adverse Events 
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0 



Values expressed as median (range); *CDAI; 'IBDQ; tf CDEIS; Con- 
comitant Crohn's disease therapy. 



(Figure 35). CRP levels decreased significantly during 
the first weeks of treatment (Figure 3C). At week 4, 16 
days after the end of therapy, endoscopic improvement 
was observed in all but 1 patient (Figure 3C and D), with 
a median change in CDEIS from baseline of —6.5 (P = 
0.006). 

Five patients suffered from active fistulizing CD, and 
closure of fistulae was observed in 4 patients during the 
study period (1 in the 8 mg/m 2 and 3 in the 25 mg/m 2 
group). At baseline, 9 patients were receiving steroids, 5 
used prednisolone (mean, 21 mg; range, 10-40 mg), and 
4 used budesonide (all 9 mg). At week 8, steroids had 
been tapered in 8 patients (89%). In patients receiving 
prednisolone, the mean reduction was 12.5 mg at week 
8; in the budesonide group, the mean reduction was 5 
mg. CD-related arthralgia/arthritis was reported in 5 of 
12 study patients at baseline, but resolved in all during 
the study period. We concluded that a 12-day infusion 
with GNI-1493 was safe and induces significant endo- 
scopic healing and substantial clinical benefit in moder- 
ate to severe CD. 

CNI-1493 Inhibits JNK Phosphorylation 
In Vivo 

To establish the effects of CNI-1493 treatment on 
MAPKs in vivo, paired biopsies (available from 6' pa- 
tients), taken before (day 1) and after (week 4) treatment 
with CNI-1493 were stained for phospho-JNK and -p38 
MAPK. The phospho-p38 MAPK staining was not con- 
sistent throughout all biopsies and thus, based on our 
immunohistochemistry, no assessment could be made of 
the effectiveness of CNI-1493 in inhibiting p38 MAPK 
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table 3. Number of Patients Showing a Response or Remission After Treatment With CNI-1493 

„ Study day 



Dose group {mg/rn 2 ) 




8 


15 


29 


57 


•112 




Number (%) in remission/responding 




8 


Remission® 


0 


0 


1(17) 


2(33) 


3(50) 




Response* 


2(33) 


5 (83) 


5(83) 


4(66) 


4(66) 


25 


Remission 


0 


3(50) 


2(33) 


3 (50) 


3(50) 




Response 


3(50) 


3(50) 


3(50) 


3(50) 


3(50) 


Overall 


Remission 


0 


3(25) 


3(25) 


5(42) 


6 (50) 




Response 


5(42) 


8(67) 


8(67) 


7(58) 


7(58) 



'Occurrence of a clinical remission, defined as a reduction of CDAI to below 150, occurring at least once after the start of treatment. 
^Occurrence of a clinical response as defined by achieving a reduction of CDAI of ^25% and ^70 points as compared with baseline, occurring 
at least once after the start of treatment. 



in vivo. In contrast, treatment with CNI-1493 decreased 
the number of cells staining positive for active JNK 
(Figure IB). Quantitatively confirmation came from ex- 
periments in which the number of phospho-JNK posi- 
tive cells were counted in sections that were not coun- 
terstained with hematoxylin (in a blinded fashion). The 
MAPK inhibitor treatment strikingly reduced the num- 
ber of phospho-JNK positive cells in these biopsies (P = 
0.01, Figure 25). We concluded that the clinical benefit 
of CNI-1493 coincides with reduction of active JNK. 

Effects on Local TNF-a Production 

The effectiveness of CNI-1493 treatment was fur- 
ther confirmed in patients and controls by staining for 
TNF-a, a proinflammatory cytokine that was reported to 
be under the regulatory control of JNK and p38 MAPK. 
Many TNF-a positive cells were found in the lamina 
propria (Figure IE). After treatment with CNI-1493 the 
number of TNF-a positive cells in the colon mucosa 
significantly decreased, compared with the biopsies taken 
at time of screening (Figure IF). 

Discussion 

We tested CNI-1493, a synthetic guanylhydra- 
zone known to inhibit both JNK and p38 MAPK, in 
patients with moderate to severe CD. Although it is now 
generally recognized that inflammation involves the ac- 
tivation of stress-activated MAPKs, the actual impor- 
tance of these kinases in human pathology is poorly 
understood, CNI-1493 has been shown to be protective 
in several experimental models involving inflammatory 
cytokine excess; however, clinical experience with CNI- 
1493 is limited. In a phase I study, CNI-1493 was 
studied in melanoma and renal cancer patients receiving 
high-dose IL-2. 22 CNI-1493 was well tolerated and in- 
hibited the IL-2-induced increase in TNF-a in a dose- 
dej>endent fashion. A pilot study of CNI-1493 in pa- 



tients with moderate to severe psoriasis showed a marked 
response in several patients to a brief course of therapy, 
which lasted for up to several months without further 
therapy (data on file). 

In this pilot study, we show that CNI-1493 has 
significant therapeutic impact on severe CD, resulting in 
endoscopic healing, as well as remarkable and sometimes 
long-lasting clinical benefit. Concomitantly, the strong 
JNK phosphorylation observed in patients before the 
onset of treatment was reduced, implying that CNI- 
1493 treatment caused JNK inhibition in vivo. These 
results support the notion that inflammatory MAPKs are 
critically involved in the pathogenesis of CD. 

Immunohistochemical staining of colon biopsies for 
p38 MAPK did not yield consistent results, nor was a 
decrease in phosphorylated p38 MAPK staining detected 
after CNI-1493 treatment. In agreement, directly de- 
termining p38 MAPK activity, using immunopreci- 
pated p38 MAPK from colon biopsies in in vitro kinase 
assays (not shown), did not reveal an influence of CNI- 
1493 treatment on p38 MAPK enzymatic activity. To- 
gether with our data showing that CNI-1493 more 
potently inhibits JNK phosphorylation in LPS-stimu- 
lated PBMCs in vitro and in mucosal inflammatory cells 
in vivo, our studies suggest that JNK is the more rele- 
vant target for CNI-1493 treatment. These findings 
would correspond well with recent results obtained in 
our laboratory obtained .with TNBS-induced colitis in 
mice, which revealed that although the p38 MAPK 
inhibitor SB20358 effectively inhibited p38 MAPK 
enzymatic activity in these mice, no attenuation of dis- 
ease progression was observed. 23 Hence, we favor the 
hypothesis that JNK inhibition underlies the clinical 
benefit of CNI-1493 in CD, but until more JNK-specific 
inhibitors are tested other possibilities must be kept in 
mind. 
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To our knowledge, this is the first article that reports 
immunocompetent cells within the inflamed human in- 
testinal lamina propria expressing phosphorylated JNK 
and p38 MAPK. Whatever the exact nature of these 
underlying inflammatory MAPKs, the present study in- 
dicates that activity of these kinases is essential for 
CD-pathogenesis. In this open-label pilot study we ob- 
serve that inhibition of these kinases may have significant 
clinical benefit, resulting even in endoscopic healing. As 
inhibition of such kinases may be achieved with small, 
orally available, and relatively cheap compounds we pro- 
pose that such a therapy may constitute a promising 
novel avenue for the treatment of CD, 
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Ballard-Croft, Cherry, D. Jean White, David L. 
Maass, Dixie Peters Hybki, and Jureta W. Horton. Role 
of p38 mitogen-activated protein kinase in cardiac myocyte 
secretion of the inflammatory cytokine TNF-a. Am J Physiol 
Heart Circ Physiol 280: H1970-H1981, 2001.— This study 
examined the hypothesis that burn trauma promotes cardiac 
myocyte secretion of inflammatory cytokines such as tumor 
necrosis factor (TNF)-a and produces cardiac contractile dys- 
function via the p38 mitogen-activated protein kinase 
(MAPK) pathway. Sprague-Dawley rats were divided into 
four groups: I) sham burn rats given anesthesia alone, 2) 
sham burn rats given the p38 MAPK inhibitor SB203580 (6 
mg/kg po, 15 min; 6- and 22-h postburn), 3) rats given 
third-degree burns over 40% total body surface area and 
treated with vehicle (1 ml of saline) plus lactated Ringer 
solution for resuscitation (4 ml -kg" 1 -percent burn -1 ), and 4) 
burn rats given injury and fluid resuscitation plus SB203580. 
Rats from each group were killed at several times postburn to 
examine p38 MAPK activity (by Western blot analysis or in 
vitro kinase assay); myocardial function and myocyte secre- 
tion of TNF-a were examined at 24-h postburn. These studies 
showed significant activation of p38 MAPK at 1-, 2-, and 4-h 
postburn compared with time-matched shams. Burn trauma 
impaired cardiac mechanical performance and promoted 
myocyte secretion of TNF-a. SB203580 inhibited p38 MAPK 
activity, reduced myocyte secretion of TNF-a, and prevented 
burn-mediated cardiac deficits. These data suggest p38 
MAPK activation is one aspect of the signaling cascade that 
culminates in postburn secretion of TNF-a and contributes to 
postburn cardiac dysfunction. 

rat model of burn trauma; Langendorff perfusion; cardiac 
contraction-relaxation; tumor necrosis factor-a 



in several injury and disease states inflammatory cyto- 
kines such as tumor necrosis factor (TNF)-a play a 
significant role in the inflammatory sequelae that cul- 
minates in multiple organ failure. Recent studies (7- 
10, 25, 33, 39, 44, 48, 58) have shown that cardiac 
myocytes themselves secrete inflammatory cytokines 
in response to trauma or sepsis, producing myocardial 
cytokine levels that exceed those measured in the sys- 
temic circulation. In addition, cardiac secretion of the 
inflammatory cytokine TNF-a has been shown to cor- 
relate with cardiac contraction and relaxation deficits 



(7, 25) and has been proposed to mediate cardiac defi- 
cits in burn trauma (32, 34), ischemia-reperfusion (44), 
and hemorrhagic shock (45). Anticytokine strategies 
such as monoclonal antibodies to TNF-a have had 
limited success in models of ischemia-reperfusion, 
trauma, or sepsis (1, 2, 19-21). Recent approaches to 
limiting cytokine-mediated organ injury and dysfunc- 
tion have included defining the signal transduction 
pathways that regulate cytokine synthesis, with the 
goal of developing therapeutic approaches to interrupt 
specific aspects of this pathway (10). This approach 
could limit cardiodepression mediated by cardiac cyto- 
kine secretion without producing generalized immuno- 
suppression or increasing susceptibility to subsequent 
infection. 

One aspect of the signal transduction pathway that 
regulates cytokine synthesis in other cell populations 
is the p38 mitogen-activated protein kinase (MAPK). 
Activation of the p38 MAPK signaling cascade is one of 
the mechanisms by which cells respond to environmen- 
tal stress (47). In fact, p38 was first identified as a 
protein undergoing rapid tyrosine phosphorylation af- 
ter exposure to lipopolysaccharide (LPS), a bacterial 
surface component released on host infection (28). 
Later, Lee and colleagues (41) described a protein that 
was the binding site for pyridinyl imidazole compounds 
that had been shown to inhibit LPS-stimulated inflam- 
matory cytokine production (41). This cytokine-sup- 
pressive binding protein was subsequently cloned and 
was identified as p38 MAPK (42). 

While p38 MAPK plays a role in regulating inflam- 
matory cytokine production as well as many other 
cellular responses to stress, the biological conse- 
quences of MAPK activation in the heart are diverse 
and not clearly understood. Recently, p38 MAPK has 
been implicated in cardiac hypertrophy, ische- 
mia-reperfusion, and cardiomyocyte apoptosis (52, 55). 
Furthermore, Weinbrenner and colleagues (56) showed 
that upregulation of p38 MAPK activity correlates with 
ischemic preconditioning, most likely through the 
phosphorylation of heat shock protein 27 (40, 52). Some 
downstream targets of p38 MAPK activation may in- 
clude several transcription factors including activating 
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transcription factor 2 (ATF2), nuclear factor (NF)-kB, 
andp53(43, 47, 51). 

Because p38 MAPK activation appears to be in- 
volved in other cardiac abnormalities, it is possible 
that this MAPK may also mediate the contractile def- 
icits observed in burn trauma. Therefore, the purpose 
of this present study was to determine whether burn 
trauma activates p38 MAPK in the heart; in addition, 
the effects of inhibiting cardiac MAPK activity on car- 
diomyocyte secretion of the inflammatory cytokine 
TNF-a and on cardiac mechanical function were stud- 
ied. 

MATERIALS AND METHODS 

Experimental Animals 

Adult Sprague-Dawley rats (Harlan Laboratories; Hous- 
ton, TX) weighing 325-360 g were used throughout the 
study. Animals were allowed 5-6 days to acclimate to their 
surroundings. Commercial rat chow and tap water were 
available at will throughout the experimental protocol. All 
work described herein was approved by the University of 
Texas Southwestern Medical Center Institutional Animal 
Care and Research Advisory Committee and was performed 
according to the guidelines outlined in the "Guide for the 
Care and Use of Laboratory Animals" published by the Amer- 
ican Physiological Society. 

Catheter Placement and Burn Procedure 

Rats were briefly anesthetized with methoxyfiurane 18 h 
before the burn experiment. Body hair was closely clipped, 
the neck region was treated with a surgical scrub (Betadine), 
and a polyethylene (PE) catheter (PE-50 tubing) was inserted 
into the left carotid artery with the tip advanced to the level 
of the aortic arch. In addition, a PE catheter (PE-50) was 
placed in the right external jugular vein for administration of 
fluids. The catheters were filled with heparinized saline and 
exteriorized at the nape of the neck, and the skin was closed. 
After the animals had recovered from the anesthesia for 
catheter placement, they were housed in individual cages, 
and body temperature was maintained throughout the exper- 
imental period with a heating pad and a heating lamp. 

Hemodynamic, metabolic, and hematological measure- 
ments were collected 18 h after catheter placement (preburn 
data); the animals were then deeply anesthetized with me- 
thoxyfiurane and secured in a constructed template device as 
previously described (3, 25, 36). The surface area of the skin 
exposed through the template device was immersed in 100° C 
water for 12 s on each side; with the use of this technique, 
full-thickness dermal burns comprising 40% of the total body 
surface area were obtained. This burn technique produces 
complete destruction of the underlying neural tissue and a 
transient (<45 s) increase in internal body temperature of 
1-3 °C. Sham burn rats were subjected to an identical prep- 
aration except that they were immersed in room temperature 
water. After immersion, the rats were immediately dried, 
and each animal was placed in an individual cage; the exter- 
nal jugular catheter was then connected to a swivel device 
(model 923, Holter pump, Critikon; Tampa, FL) for fluid 
administration during the 24-h postburn period (4 
ml -kg -1 -percent burn -1 lactated Ringer solution, with one- 
half of the calculated volume given during the first 8-h 
postburn and the remaining volume given during the next 
16-h postburn). In the control group, the external jugular 
vein was cannulated but no fluid resuscitation was adminis- 



tered. Twenty-four hours after burn injury (or sham burn), 
hemodynamic parameters including systemic blood pressure 
[using a model P23 ID, Gould-Statham pressure transducer 
(Gould; Oxnard, CA) connected to a model 7D Polygraph 
recorder (Grass Instruments; Quincy, MA)] and heart rate 
(using a model 7P4F tachycardiograph, Grass Instruments) 
were measured. A small sample of arterial blood (0.25 ml) 
was withdrawn from the arterial catheter for measuring 
packed cell volume, hematocrit, arterial pH, and blood gases. 
Body temperature was measured with a rectal temperature 
probe (model 44TA, YSl-Tele Thermometer, Yellow Springs 
Instruments; Yellow Springs, OH), and respiratory rate was 
monitored by counting respiratory movement. 

Experimental Groups 

All rats had catheters placed before inclusion in an exper- 
imental group. Eighteen hours after catheter placement, rats 
were randomly divided into two major experimental groups 
as follows: cutaneous burn injury over 40% of the total body 
surface area (n — 68) or sham burn injury (n - 66). These two 
experimental groups were then subdivided such that one-half 
of the sham burns (n = 33) and one-half of the burns (n = 34) 
were given the selective inhibitor of p38 MAPK SB203580 
[4-(4-fluorophenyl)-2-(4-methyl-sulfinylphenyl)-5-(4-pyridi- 
nyl)imidazole, SmithKline Beecham Pharmaceuticals; 
Brocham Park, UK]. SB203580 was dissolved in 0.03 N 
HCl-0.5% tragacanth (Sigma; St. Louis, MO) and was adminis- 
tered by oral gavage at 6 mg/kg at 15 min and 6 and 22 h after 
either burn or sham burn (4, 6). The remaining sham (n = 33) 
and bum rats (n = 34) were given vehicle (0.03 N HCl-0.5% 
tragacanth) to serve as appropriate control groups. Initial stud- 
ies were designed to measure the time course of p38 MAPK 
activation after burn trauma. For these studies, three hearts 
were collected from each of the four experimental groups at 
several time points after injury (30 min and 1, 2, 4, 6, 12, and 
24 h). The hearts were cleared of fat and epicardial vessels, 
freeze-clamped in liquid nitrogen, and stored at — 80°C until 
used for immunoprecipitation of p38 MAPK for in vitro kinase 
assay or Western blot analysis. Thirty-two rats were used to 
assess ventricular function 24 h after burn trauma (Langen- 
dorfif perfusion); rats (n = 8 rats/group) from each of the four 
experimental groups (sham plus vehicle, sham plus inhibitor, 
burn plus vehicle, and burn plus inhibitor) were studied. Four 
to five rats from each of the four experimental groups were used 
to prepare cardiomyocytes 24 h after burn injury to assess 
TNF-a secretion by this cell population. The time frame selected 
to assess ventricular function and TNF-a secretion was based 
on previous studies (unpublished data) from our laboratory 
examining the time course of cardiac contractile defects, NF-kB 
activation, and myocyte secretion of inflammatory cytokines. 

Isolated Perfused Hearts (Langendorff Model) 

For studies of cardiac contraction and relaxation, awake 
animals were anticoagulated with heparin sodium (1000 
units, Elkins-Sinn; Cherry Hill, NJ) 24-h postburn (or sham 
burn) and decapitated with a guillotine. The hearts were 
rapidly removed and placed in ice-cold (4°C) Krebs-Henseleit 
bicarbonate-buffered solution [containing (in mM) 118 NaCl, 
4.7 KC1, 21 NaHC0 3 , 2.5 CaCl 2 , 1.2 MgS0 4 , 1.2 KH 2 P0 4 , and 
11 glucose"]-. All solutions were prepared on the day of exper- 
imental performance and bubbled with 95% 02-5% CO2 (pH 
7.4; Po 2 , 550 mmHg; Pco 2 , 38 mmHg). A 17-gauge cannula 
placed in the ascending aorta was connected to a buffer-filled 
reservoir for perfusion of the coronary circulation at a con- 
stant flow rate of 5 ml/min. Hearts were suspended in a 
temperature-controlled chamber maintained at 38 ± 0.5°C, 
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and a constant flow pump (model 911, Holter pump, Cri- 
tikom) was used to maintain perfusion of the coronary arter- 
ies by retrograde perfusion of the aortic stump cannula. 
Coronary perfusion pressure was measured and effluent was 
collected to confirm coronary flow rate. Contractile function 
was assessed by measuring intraventricular pressure with a 
saline-filled latex balloon placed in the left ventricular cham- 
ber. Left ventricular pressure (LVP) was measured with a 
Statham pressure transducer (model P23 ED, Gould) attached 
to the balloon cannula; the rate of LVP rise (+dP/d£ max ) and 
fall (— dP/dfmax) was obtained using an electronic differ- 
entiator (model 7P20C, Grass Instruments) and recorded 
(model 7DWL8P, Grass Recording Instruments). 

A Frank-Starling relationship for each heart was deter- 
mined by plotting left ventricular developed pressure (peak 
systolic pressure minus left ventricular end-diastolic pres- 
sure) and ±dP/d£ max responses to increases in preload (left 
ventricular end-diastolic volume). Because the heart rate 
varied after burn injury, hearts were paced through an elec- 
trode attached to the right atrium (3-4 Hz, 2-10 W for 4-ms 
duration; Grass stimulator, Grass Instruments). Hearts were 
paced at twice the minimum capture voltage; thus in vitro 
heart rates were similar in all experimental groups, and 
differences in cardiac performance could not be attributed to 
burn-related differences in heart rate. In addition, ventricu- 
lar performance was assessed in all hearts as coronary flow 
rate was increased from 3 to 12 ml/min or as perfusate 
calcium concentration was increased from 1 to 8 mM. 

Cardiomyocyte Isolation 

To isolate cardiac myocytes, animals from each experimen- 
tal group were heparinized 24-h postburn and decapitated, 
and the hearts were removed through a medial sternotomy 
with the use of sterile techniques. The isolated heart was 
immediately placed in ice-cold calcium-free Tyrode solution 
[containing (in mM) 136 NaCl, 5 KC1, 0.57 MgCl 2 , 0.33 
NaH2P0 4 , 10 HEPES, and 10 glucose]. The aorta was can- 
nulated within 60 s, and the excised heart was perfused with 
calcium-free Tyrode solution using a Langendorff perfusion 
apparatus. Perfusion was maintained for 5 min and then 
switched to a collagenase solution, which contained 80 ml of 
calcium-free Tyrode, 40 mg of collagenase A (0.05%, Boeh- 
ringer Mannheim; Indianapolis, IN), and 4 mg of protease 
(Polysaccharide XIV, Sigma) with continuous oxygenation 
(95% 0 2 -5% C0 2 ). After this enzymatic digestion over a 
10-min period was completed, the heart was removed from 
the cannula, and the ventricular tissue was separated from 
the base of the heart. This tissue was plated in a petri dish 
containing Tyrode solution with 100 uM calcium and gently 
minced to increase cell dispersion over 6 min. The myocyte 
suspension was then filtered, and the cells were allowed to 
settle. This rinsing and settling step was repeated three 
times with 10 min between each step and with gentle swirl- 
ing between each step to allow myocyte separation. The 
calcium concentration of the rinsing solution was gradually 
increased during these steps from 100 to 200 \xM and finally 
to 1.8 mM. The cell viability was measured (Trypan blue dye 
exclusion), and cell suspensions with >85% viability were 
used for subsequent studies. Myocytes with a rodlike shape, 
clearly defined edges, and sharp striations were prepared 
with a final cell count of 5 X 10 4 cells -ml- 1 -well -1 (38). 

Cytokine Secretion by Cardiomyocytes 

Myocytes were pipetted into microtiter plates at 5 X 10 4 
cells-ml~ 1, well~ 1 (12-well cell culture cluster, Corning; 
Corning, NY) and subsequently stimulated with either 0, 10, 



25, or 50 wg/well of LPS (from Escherichia coli; lot 65H 4053, 
Difco Laboratories; Detroit, MI) for 18 h (C0 2 incubator at 
37°C). Supernatants were collected to measure myocyte-se- 
creted TNF-a (TNF-a, rat ELISA, Endogen; Woburn, MA). 
We previously examined the contribution of contaminating 
cells (nonmyocytes) in our cardiomyocyte preparations using 
flow cytometry, cell staining (hematoxylin and eosin), and 
light microscopy. We confirmed that <2% of the total cell 
number in a myocyte preparation was noncardiomyocytes 
(33). Because our cardiomyocyte preparations were 98% 
pure, we concluded that the majority of the TNF-a measured 
in the cardiomyocyte supernatant was indeed cardiomyocyte 
derived. 

In Vitro p38 MAPK Assay 

The in vitro kinase assay was performed on rat heart 
tissue extracts in which p38 MAPK had been immunopre- 
cipitated. Briefly, 100 fig of extract was incubated with 2 jxg 
p38 antibody (courtesy of Dr. M. Cobb, Dept. of Pharmacol- 
ogy, Univ. of Texas Southwestern Medical Center, Dallas, 
TX; Santa Cruz Biotechnology; Santa Cruz, CA), lysis buffer 
[containing phosphate-buffered saline (pH 7.4), 1% Nonidet 
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml phe- 
nylmethylsulfonyl fluoride, 45 u.g/u.1 aprotinin, 1 mM sodium 
ortho vanadate, and 0.5 mM 0-glycerophosphate] , and protein 
A sepharose beads for 2 h at 4°C with gentle agitation. After 
sedimentation, the protein A sepharose beads were washed 
twice with lysis buffer, twice with buffer B [containing 0.25 M 
Tris (pH 7.6) and 0.1 M NaCl], and once with kinase buffer 
[containing 20 mM HEPES (pH 8.0) and 20 mM MgClJ. The 
resulting p38 MAPK immunoprecipitates were resuspended 
in 30 |xl of kinase assay reaction buffer, which contained 
kinase buffer (as indicated above) plus 50 jjlM ATP, 15 jxCi 
[•Y- 32 P]ATP, and 20 \xg glutathiones-transferase (GST)- 
ATF2 (Upstate Biotechnology; Lake Placid, NY). The kinase 
reaction was initiated by incubating the samples at 30°C for 
30 min. Termination of the kinase reaction was accomplished 
by sedimentation of the beads and addition of the superna- 
tant to Laemmli buffer. After the samples were boiled for 5 
min, SDS-PAGE (12%) was used to separate the kinase 
reaction product, and autoradiography was then performed 
on the dried gel. A beta scintillation counter was used to 
quantify incorporation of radiolabel into the reaction product. 

Western Blot Analysis 

Protein samples (30 u.g) were separated on a 12% SDS- 
polyacrylamide gel and transferred to a polyvinylidene diflu- 
oride membrane (Millipore; Bedford, MA). The membrane 
was blocked by a 1-h incubation in a Tris-bufFered saline 
solution [containing 20 mM Tris (pH 7.6), 135 mM NaCl, and 
0.1% Tween] containing 3% bovine serum albumin and 1% 
nonfat dry milk. The phospho-p38 antibody or phospho-c-Jun 
NH 2 -terminal kinase (JNK) antibody (Santa Cruz Biotech- 
nology) was then added to the membranes at a dilution of 
1:400 and incubated for 1 h at room temperature. After the 
primary antibody incubation, the membrane was washed 
three times with Tris-buffered saline solution with 0.1% 
Tween. The secondary antibody was then added to the mem- 
brane (1:2,500, Promega; Madison, WI) and incubated for 1 h 
at room temperature. The membrane was again washed 
three times with Tris-buffered saline with 0.1% Tween. The 
bound antibodies were visualized by enhanced chemilumi- 
nescence (Amersham; Piscataway, NJ). 
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Table 1. Hemodynamic and metabolic responses to burn trauma or to burn trauma with MAPK inhibitor 





venicie- ireatea 
Sham 


Sham + p38 
MAPK Inhibitor 


Vehicle-Treated 
Burn 


Burn + p38 
MAPK Inhibitor 


MAP, mmHg 


126 ±4 


145 ±3* 


94 ±4* 


116±6*t 


HR, beats/min 


480 ±22 


516 ±12 


433 ±21* 


513±17f 


Body temperature, °C 


38.9 ±0.3 


38.9 ±0.2 


38.8 ±0.2 


38.7 ±0.2 


pH 


7.45 ±0.02 


7.54 ±0.02 


7.48 ±0.01 


7.51 ±0.02 


Hct, % 


37.4 ±2.3 


38.8 ±0.6 


28.3 ±1.6* 


31.6 ±1.6* 


PCV,% 


39.5 ±3.7 


43.0 ±1.4 


35.5 ±0.6* 


35.0 ±1.5* 


PCO2, mmHg 


29 ±2 


29±2 


26 ±2* 


25 ±2* 


P02, mmHg 


113 ±5 


117 ±6 . 


120 ±5 


110±4 



All values are means ± SE. MAP, mean arterial pressure; HR, heart rate; Hct, hematocrit; PCV, packed cell volume; MAPK, 
mitogen-activated protein kinase. * Significant difference among groups, P < 0.05. t Significant difference between burn groups, P < 0.05. 



In Vitro Effects of MAPK Inhibitor 

To examine the cell-specific effects of MAPK inhibition on 
cardiomyocyte secretion of TNF-a, myocytes were harvested 
from additional rats 24 h after ^ither burn trauma (n = 5) or 
sham burn (n = 5). Myocytes (5 X 10 4 cells/well) were 
incubated (37 C C) for 60 min in Tyrode solution containing 1.8 
mM calcium. SB203580 (0.2 or 20 (xM) was then added, and 
the myocytes were incubated for an additional 60 min. The 
supernatant was removed and replaced with fresh Tyrode 
solution containing 1.8 mM calcium. After viability measure- 
ments, cells were challenged with LPS (0, 10, 25, or 50 
u.g/well). After 18 h, supernatants were collected to measure 
myocyte secretion of TNF-a. In this manner, the cell-specific 
effects of the MAPK inhibitor on cytokine secretion by car- 
diac myocytes was assessed in vitro. 

Statistical Analysis 

All values are expressed as means ± SE. Analysis of 
variance (ANOVA) was used to assess an overall difference 
among the groups for each of the variables. Levene's test for 
equality of variance was used to suggest the multiple com- 
parison procedure to be used if the ANOVA was significant. If 
equality of variance among the four groups was suggested, 
multiple comparison procedures were performed (Bonfer- 
roni). If inequality of variance was suggested, Tamhane's 
multiple comparisons were performed. P values <0.05 were 
considered statistically significant (analysis was performed 
using SPSS for Windows, version 7.5.1). 



RESULTS 

Effects of Burn Trauma 

Survival and hemodynamic responses to burn injury. 
All animals survived the respective experimental pro- 
tocols. Despite aggressive fluid resuscitation during 
the 24-h postburn period, mean arterial blood pressure 
(MABP) was significantly lower in rats with burns 
compared with that measured in the sham burn rats 
(Table 1). Packed cell volume and hematocrit fell sig- 
nificantly in all burn rats, and this hemodilution was 
attributed to the aggressive fluid resuscitation after 
burn trauma (Table 1). 

Cardiac function after burn trauma. Cardiac con- 
traction and relaxation deficits occurred in burns de- 
spite aggressive fluid resuscitation. As shown in Table 
2, LVP, ±dP/d£ max , left ventricular developed pressure 
at 40 mmHg, the time to peak tension, time to 90% 
relaxation of the ventricle, and the time to -dP/d£ ma x 
were significantly lower in burn rats than values mea- 
sured in sham burn rats. In addition, burn-mediated 
cardiac contractile deficits were evident from the left 
ventricular function curves. As seen in Fig. 1, Frank- 
Starling relationships calculated for burn rats were 
shifted downward and rightward compared with those 
calculated for vehicle-treated shams. In addition, burn 



Table 2. p38 MAPK inhibitor alters cardiodynamic responses to burn trauma 





Vehicle-Treated 
Sham 


Sham + p38 
MAPK Inhibitor 


Vehicle-Treated 
Burn 


Burn + p38 
MAPK Inhibitor 


LVP, mmHg 


88±3 


91±3 


65 ±5* 


80±2| 


+dP/dfnmx, mmHg/s 


2,192 ±32 


2,050 ±71 


1,321 ±117* 


2,067 ± lilt 


-dP/cttmax, mmHg/s 


1,776 ±68 


1,725 ±25 


999 ±91* 


1,625 ±52t 


LVDP40, mmHg/s 


1,987 ±23 


1,900 ±71 


1,249 ±110* 


1,845 ±124f 


TPP, ms 


78.9 ±1.1 


84.0 ±4.1 


88.0 ±3.9* 


88.8 ±3.0* 


RT901 ms 


74.6 ±2.0 


82.5 ±6.0 


82.9 ±2.0* 


83.3 ±2.7* 


Time to +dP/dfmax, ms 


45.9 ±1.8 


52.5 ±2.0 


49.1 ±1.2 


57.0±2.4*t 


Time to -dP/d/max, ms 


45.0 ±1.6 


46.2 ±1.4 


40.3 ±0.5* 


50.0±0.2t 


CPP, mmHg 


49.2 ±3.4 


50.5 ±3.3 " 


52.9 ±6.6 


46.8 ±6.6 


CVR, mmHg/s 


9.87 ±0.67 


10.1 ±0.7 


10.6 ±1.32 


9.35 ±0.32 


HR, beats/min 


256 ±18 


266 ±7 


252 ±13 


258 ±4 



All values are means ± SE. LVP, left ventricular pressure; -HdP/dfmax and -dPAfcmax, rate of LVP rise and fall, respectively; LVDP40, left 
ventricular developed pressure at 40 mmHg; TPP, time to peak pressure; RT90, time to 90% relaxation; CPP, coronary perfusion pressure; 
CVR, coronary vascular resistance. * Significant difference among groups, P < 0.05 (ANOVA and Bonferroni). f Significant difference 
between burn groups, P < 0.05 (unpaired Student f-test). 
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Fig. 1. Left ventricular developed pressure (LVP) calculated from peak systolic pressure minus end-diastolic 
pressure and the rate of LVP rise (+dP/d*max) and fall (-dP/d*max) responses to increases in preload (ventricular 
volume) (n = 8 animals/group). All values are means ± SE. Statistical analysis included ANOVA and a multiple 
comparison procedure (Bonferroni). *Significant difference among groups, P < 0.05. 



trauma decreased ventricular responses to increases in 
coronary flow rate (Fig. 2) and to increases in perfusate 
calcium levels (Fig. 3). 

p38 MAPK activity after burn trauma. To determine 
whether burn upregulated cardiac MAPK activity, hearts 
were collected at several time points after burn injury. As 
measured by Western blot, upregulation of p38 MAPK 
activity was observed as early as 1-h postburn (Fig. 4, A 
and B); this burn-mediated increase in p38 MAPK activ- 
ity was confirmed by a specific p38 MAPK assay (Fig. 4C). 
Sixty minutes after burn trauma, p38 activity had in- 
creased from 1.28 ± 0.15 measured in the sham burn rats 
to 1.77 ± 0.055 relative units measured in the burn rats. 
Peak p38 MAPK activation occurred 2-h postburn, per- 
sisted through 4-h postburn, and returned to baseline 
values 6-h postburn (Fig. 4C). 

Effects of MAPK Inhibition on Hemodynamic and 
Cardiodynamic Function 

To determine whether upregulation of p38 MAPK 
plays a role in cardiac dysfunction after burn trauma, 
the specific p38 MAPK inhibitor SB203580 was admin- 
istered with aggressive fluid resuscitation from burn 
trauma. A group of sham burn rats were treated with 
SB203580 to provide suitable controls. p38 MAPK in- 
hibition in sham burn rats did not alter MABP, body 
temperature, or any measure of acid-base balance com- 
pared with those values measured in vehicle-treated 



sham rats (Table 1). While heart rate tended to in- 
crease after SB203580 administration in shams, this 
increase did not achieve statistical significance. Ad- 
ministration of the MAPK inhibitor in sham animals 
did not alter LVP, ±dP/d^ max , time to peak tension, time 
to 90% relaxation, time to ±dP/d£ max , coronary perfusion 
pressure, or coronaiy vascular resistance. Similarly, ad- 
ministration of the inhibitor in shams did not alter ven- 
tricular responsiveness to increases in left ventricular 
volume, increases in coronary flow rate, or increases in 
perfusate calcium concentration (Figs. 1-3). 

MAPK inhibition in burn rats tended to improve MABP, 
but MABP remained significantly lower than values 
measured in the SB203580-treated sham rats. Inhibiting 
MAPK (by SB203580) in burn rats significantly improved 
LVP and ±dP/d£ max , whereas burn-mediated changes in 
time to peak pressure, time to 90% relaxation of the 
ventricle, and time to +dP/d£ max persisted. In addition, 
administration of SB203580 in burns significantly im- 
proved LVP and ±dP/d/ max responses to increases in 
ventricular volume (Fig. 1) and improved ventricular 
responsiveness to increases in either coronary flow rate 
(Fig. 2) or: to increases in perfusate calcium (Fig. 3). 

Effects of MAPK Inhibition on Cardiac MAPK/JNK 
Activity after Burn Trauma 

To ensure that SB203580 blocked the MAPK path- 
way in the heart, p38 MAPK activity was determined 
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Fig. 2. Effects of increases in coronary flow rate on LVP and ±dP/dfmax in all experimental groups. All values are 
means ± SE. Statistical analysis included ANOVA and a multiple comparison procedure (Bonferroni). *Significant 
difference among groups, P < 0.05. 
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Fig. 3, The effects of increases in perfusate calcium levels on left ventricular contraction and relaxation in all 
experimental groups. All values are means ± SE. Statistical analysis included ANOVA and a multiple comparison 
procedure (Bonferroni). *Significant difference among groups, P < 0.05. 



H1976 



CARDIAC P38 MAPK IN BURN TRAUMA 



E 
m 

tn 

■c 

V) 
© 



c 

£ E 



£ CO £Q w 

« ^ £ £ 

° T- Ol 



c E e E c 

CD CO CD CO CQ 




Fig. 4. Burn trauma activates p38 mitogen-activated 
protein kinase (MAPK) in the heart. A: Western blot 
analysis using an antibody that recognizes only the 
active, phosphorylated form of p38 MAPK (p-p38) indi- 
cated that upregulation of p38 MAPK activity occurred 
at 1-, 2- f and 4-h postburn. B: densitometric analysis of 
pooled anti-active p38 MAPK Western blots. ♦Signifi- 
cant increase in p38 MAPK activity (as indicated by p38 
activity) in burn versus time-matched sham rats at 1-, 
2-, and 4-h postburn, P < 0.05. C: in vitro p38 MAPK 
assay confirmed that burn trauma promoted activation 
of p38 MAPK (indicated as p38 activity) at 1-, 2-, and 
4-h postburn. *Significant difference between burn and 
sham rats, P < 0.05. 
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in cardiac tissue harvested from the SB203580-treated Western blot were confirmed by an in vitro p38 MAPK 
experimental groups (SB203580-treated shams and specific assay (Fig. 5C). In addition, there was no effect of 
SB203580-treated burn rats). This inhibitor abolished SB203580 on burn-mediated activation of JNK (Fig. 5A). 
p38 MAPK activation at all times after burn injury; there Whereas burn trauma increased JNK activity in cardiac 
were minimal effects of SB203580 in time-matched sham tissue, SB203580 had no significant effect on the burn- 
burn animals (Fig. 5, A and B). These data determined by mediated increase in JNK activity. 
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Fig. 5. Effects of SB203580 on burn-mediated activation of p38 MAPK and c-Jun NH 2 -terminal kinase (JNK) in the 
heart. A, top: Western blot analysis with anti-active p38 MAPK antibody indicated that the burn-mediated increase in 
p38 MAPK activity (p-p38) at 2-h postburn was blocked by in vivo administration of SB203580. Bottom: Western blot 
analysis with anti-active JNK antibody demonstrated activation of JNK (p-JNK) 1-h postburn that was not inhibited 
by in vivo treatment with SB203580. + and -, Presence and absence, respectively, of SB203580. B: densitometric 
analysis of pooled anti-active p38 MAPK Western blots. *Significant elevation in p38 MAPK activity (indicated as p38 
activity) in burn vs. sham rats, P < 0.05. #Significant difference in p38 MAPK activity in the SB203580-treated burn 
versus burn rats, P < 0.05. C: p38 MAPK assay confirmed that SB203580 prevented p38 MAPK activity (indicated as 
p38 activity) in burn rats. *Significant difference between burn and sham rats, P < 0.05. #Significant difference 
between vehicle-treated burn and SB203580-treated burn rats, P < 0.05. 



Effects of MAPK Inhibition on Cardiac Myocyte 
Secretion of TNF-a 

Primary cardiac myocytes were isolated from all 
four experimental groups (vehicle-treated sham, 
SB203580-treated sham, vehicle treated burn, and 
SB203580-treated burn rats). As shown in Fig. 6, 
burn trauma increased cardiac myocyte secretion of 
TNF-a (P < 0.05). Administration of the MAPK in- 
hibitor during the postburn period significantly re- 
duced this burn-mediated TNF-a response. Further- 
more, MAPK inhibition during burn trauma 
produced cardiomyocyte TNF-a levels that were com- 
parable to those measured in SB203580-treated 
sham burn rats. 

As shown in Fig. 7, cardiomyocytes from vehicle- 
treated experimental groups responded to in vitro 
LPS challenge with a dose-dependent increase in 
TNF-a secretion (P < 0.05). However, cardiomyo- 
cytes harvested from vehicle-treated burn rats se- 
creted significantly more TNF-a at each LPS concen- 
tration compared with the TNF-a responses measured 
in myocytes prepared from vehicle-treated sham rats 
(P < 0.05). Myocytes prepared from rats given 
SB203580 after burn trauma had reduced TNF-a re- 



sponses to LPS challenge with significantly less 
TNF-a secreted at each LPS dose compared with 
those values measured in vehicle-treated burn rats 
(P < 0.05). 
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Fig. 6. Burn trauma produced a significant rise in cardiac myocyte 
secretion of tumor necrosis factor (TNF)-a at P < 0.05. All values are 
means ± SE. *Significant difference among groups, P < 0.05. + In 
vivo administration of the MAPK inhibitor SB203580 significantly 
reduced burn-mediated cytokine secretion by cardiac myocytes. 
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Fig. 7. Cardiac myocytes from vehicle-treated experimental groups 
responded to an in vitro lipopolysaccharide (LPS) challenge with a 
significant and dose-dependent increase in TNF-a secretion. All 
values are means ± SE. *Significant increase in cytokine secretion 
with LPS challenge compared with values measured in the respec- 
tive experimental groups in the absence (0) of LPS. jWithin each in 
vitro experimental challenge (i.e., at each LPS dose), in vivo admin- 
istration of SB203580 reduced cardiomyocyte secretion of inflamma- 
tory cytokine by myocytes from both sham and burn rats (ANOVA 
and repeated measures). 



In Vitro Effects of MAPK Inhibition on 
Cardiomyocyte Cytokine Secretion 

Because the in vivo administration of the p38 MAPK 
inhibitor may affect cytokine production in both the 
reticuloendothelial system as well as by cardiac myo- 
cytes, the cell-specific effects of SB203580 on cardiac 
myocyte secretion of TNF-a were examined. This was 
accomplished by the in vitro addition of SB203580 to 
myocytes prepared from either sham burn or burn rats. 
The viability and morphological characteristics of myo- 
cytes harvested after exposure to either Tyrode solu- 
tion alone or Tyrode solution containing SB203580 
were nearly identical. As shown in Fig. 8, exposure of 
myocytes to SB203580 before LPS challenge signifi- 
cantly decreased myocyte secretion of TNFrot regard- 
less of a previous burn injury. These data indicate the 
effects of p38 MAPK inhibition on TNF-a secretion 
were specific to the cardiac myocytes. 

DISCUSSION 

The data from this present study showed that burn 
trauma upregulated cardiac p38 MAPK activity, pro- 
moted secretion of the inflammatory cytokine TNF-a 
by cardiomyocytes, and impaired cardiac mechanical 
function. The in vivo administration of the selective 
p38 MAPK inhibitor SB203580 decreased burn-in- 
duced MAPK activity in the myocardium, abolished 
burn-mediated secretion of TNF-a by cardiac myo- 
cytes, and prevented postburn cardiac contractile dys- 
function. In addition, in vitro treatment of cardiac 
myocytes with SB203580 inhibited the cytokine re- 
sponse elicited by LPS challenge. 

We and others (34, 37, 48) confirmed that inflamma- 
tory cytokines such as TNF-a impair several aspects of 



cardiac contraction and relaxation. Further evidence 
that TNF-a produces cardiac contractile dysfunction 
has been provided by studies showing that 75-TNF 
receptor linked to the Fc portion of IgG-1 (an anti-TNF 
strategy) ablated systolic, and diastolic cardiac dysfunc- 
tion after experimental burn trauma or sepsis (24, 25) 
and in isolated hearts challenged with TNF-a (34). 
Because TNF-a mediates, at least in part, the cardiac 
mechanical defects that have been shown to occur after 
burn trauma, it was reasonable to expect that inhibit- 
ing one aspect of the signal transduction pathway that 
regulates TNF-a transcription and translation would 
provide a measure of postburn cardioprotection. In- 
deed, our finding that SB203580 inhibited cardiomyo- 
cyte secretion of TNF-a and prevented burn-mediated 
cardiac dysfunction is consistent with studies by Cain 
and colleagues (9), who reported that SB203580 dimin- 
ished ischemia-induced TNF-a secretion and improved 
postischemic function in isolated atria trabeculae. 

Because burn trauma elicits a systemic inflamma- 
tory cascade by stimulating cytokine synthesis in both 
cells of the reticuloendothelial system as well as in 
cardiac myocytes, the in vivo administration of 
SB203580 would likely interrupt several aspects of 
postburn inflammation. The question of whether this 
inhibitor would specifically target cardiac myocyte se- 
cretion of TNF-a was addressed by the in vitro studies 
where myocytes were pretreated with SB203580 before 
LPS challenge. The p38 MAPK inhibitor directly sup- 
pressed cytokine secretion elicited by LPS challenge of 
cardiac myocytes, suggesting that SB203580 can tar- 
get cardiac myocytes. 

Although little is known about the signaling path- 
way by which a cutaneous burn injury transmits an 
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Fig. 8. These data describe the in vitro treatment (0.2 \jM 
SB 203 580) of cardiac myocytes harvested after either sham or burn 
injury (24-h postburn). The addition of SB203580 to cardiac myo- 
cytes prepared from either sham or burn rats blunted the TNF 
secretory response to in vitro LPS challenge. All values are means ± 
SE. *Significant increase in cytokine secretion with LPS challenge 
compared with values measured in the respective experimental 
groups in the absence of LPS. fWithin each in vitro experimental 
challenge (i.e., at each LPS dose), SB203580 reduced cardiomyocyte 
secretion of inflammatory cytokine by myocytes from both sham and 
burn rats (ANOVA and repeated measures). 
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extracellular stimulus to the nucleus to trigger an 
inflammatory response by cardiac myocytes, the data 
from this present study suggest that this pathway 
likely includes MAPK. Several previous studies (17, 18, 
29, 30, 46, 54) proposed a significant role for LPS in 
this signaling cascade. It is well recognized that burn 
trauma promotes loss of gut mucosal barrier integrity 
and translocation of bacteria. While we failed to show a 
significant rise in serum LPS levels after burn trauma 
(unpublished data), the idea that LPS initiates a signal 
transduction pathway that culminates in cardiomyo- 
cyte TNF-a secretion has not been ruled out. In addi- 
tion to LPS, it is clearly recognized that cutaneous 
burn promotes the formation of several reactive oxygen 
species (ROS) (31, 36), and several studies have sug- 
gested that ROS alter several aspects of inflammatory 
cytokine signaling. The in vivo administration of 
SB203580 in our study may have altered many of the 
upstream events, providing an indirect means of inter- 
rupting MAPK activation. There are no data, to our 
knowledge, regarding the effects of SB203580 on gut 
barrier function, LPS-LPS binding protein binding, or 
free radical generation. In this regard, Clerk and col- 
leagues (12-14, 50) showed that ROS activate p38 
MAPK pathway in cultured cardiac myocytes. Alterna- 
tively, emigration of activated leukocytes from the cor- 
onary microcirculation (35) or coronary endothelium- 
derived TNF-a (11) may serve as the initiating 
stimulus for postburn TNF-a secretion by cardiac myo- 
cytes. Because several putative burn-derived extracel- 
lular signals have been shown to activate p38 MAPK in 
other experimental models, our current finding that 
burn trauma upregulated the p38 MAPK pathway was 
not surprising. 

Whereas the signal transduction, cascade that regu- 
lates TNF-a synthesis and secretion by cardiac myo- 
cytes has not been defined in burn trauma, synthesis of 
inflammatory cytokines such as TNF-a by macro- 
phages has been studied in considerable detail. In the 
macrophage population, LPS complexes with LPS 
binding protein and binds to CD14 (27, 57). Geppert et 
al. (23) have shown that the LPS-generated signal is 
then transmitted to regulate TNF-a transcription via 
the ras/raf-l/mitogen-activated protein or extracellular 
signal-regulated kinase (ERK) kinase (MEK)/ERK1,2 
pathway (23). Similarly, Swantek et al. (53) showed 
that JNK activities are upregulated by macrophage 
exposure to LPS. In the present study, cardiomyocytes 
isolated from burn rats secreted significantly more 
TNF-a in response to LPS challenge than myocytes 
prepared from sham burn rats, and this effect was 
blocked by p38 MAPK inhibition with SB203580. 

The MAPK inhibitor SB203580 is a pyridinyl imidia- 
zole compound with potent inhibitory effects on cyto- 
kine production by LPS-stimulated human monocytes 
and thp-1 cells (a human monocytic cell line) (22, 42). 
In addition, the pyridinyl imidiazoles exhibit anti-in- 
flammatory effects in several animal models (41) and 
have been shown to exert beneficial effects in experi- 
mental arthritis and in experimental endotoxin shock 
(4-6, 46). Although the specificity of SB203580 for p38 



MAPK has been established by an absence of inhibi- 
tory effects of this compound on various other kinases 
(15), recently SB203580 was shown to inhibit JNK in 
rat neonatal ventricular myocytes. In these myocytes, 
the IC 50 for p38 MAPK and JNK was 0.07 and 3-10 
\xM, respectively (14). Because 0.2 \iM SB203580 was 
employed in this study, it was likely that this com- 
pound was specific for p38 MAPK at the dosage used. 
However, we chose to examine the effects of SB203580 
on JNK activity in our model of burn trauma. Whereas 
burn injury produced significant JNK activation 1- and 
2-h postburn, this activity was not inhibited by in vivo 
administration of SB203580, confirming the selectivity 
of this inhibitor for p38 MAPK. 

While this present study confirms that burn trauma 
activates p38 MAPK in the myocardium, the down- 
stream substrates for this kinase group within the 
heart remain undefined. One potential target in the 
p38 MAPK pathway is the redox-sensitive transcrip- 
tion factor NF-kB. Nuclear translocation of NF-kB has 
been shown to occur in the heart after burn trauma 
(32), and previous studies (43, 44) have confirmed that 
p38 MAPK activity promotes NF-kB activation in sev- 
eral tissues. Because NF-kB is one of the transcription 
factors involved in TNF-a gene transcription, it is 
likely that burn trauma and p38 MAPK upregulation 
promote the release of inflammatory cytokines via a 
NF-KB-dependent mechanism. In addition, API, a 
transcription factor that is also activated by p38 
MAPK, may play a role in the transcriptional regula- 
tion of postburn inflammatory cytokine production. It 
must also be considered that the upregulation of the 
p38 MAPK pathway after burn trauma may induce 
inflammatory enzymes such as inducible nitric oxide 
synthase and cyclooxygenase-2 as well as the increased 
expression of adhesion proteins such as vascular cellu- 
lar adhesion molecule- 1 (5, 16, 26, 49). 

While much of the previous work examining the 
activation and regulation of p38 MAPK pathway used 
noncardiac myocyte cells, this pathway is likely of 
primary importance in the myocardium under stressful 
conditions such as ischemia and reperfusion, trauma 
with blood loss, and burn trauma. The data from this 
present study clearly indicate that this kinase pathway 
is activated by burn trauma, and activation of this 
pathway occurs early in the postburn period (1 h) and 
occurs before other signaling events within the myo- 
cardium, such as nuclear translocation of NF-kB and 
cardiomyocyte secretion of TNF-a (32). Clear definition 
of the p38 MAPK pathway, including delineating up- 
stream activators of this pathway as well as down- 
stream targets, will likely provide potential sites for 
therapeutic intervention after major traumatic injury. 
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INHIBITION OF P38 MITOGEN-ACTIVATED PROTEIN KINASE SUPPRESSES 
INTERLEUKIN-1 (3-EXPRESSION AND PREVENTS PROGRESSION OF 
CARDIAC HYPERTROPHY AND CONGESTIVE HEART FAILURE IN RATS. 

Akira Shimamoto, Tomoyuki Oda, Hiroshi Kodama, Masahiro Shimada, Shinji 
Kanemitsu, Kazuya Fujinaga, Motoshi Takao, Koji Onoda, Takatsugu Shimono, 
Kuniyoshi Tanaka, Hideto Shimpo, Isao Yada, MIE Univ Sch of Medicine, Tsu 
Japan 

Background: Proinflammatory cytokines have been reported to participate in 
cardiac hypertrophy and congestive heart failure (CHF) induced by mechanical 
overload. Intercellular signaling leading to proinflammatory cytokine production 
involves fi38 mitogen-activated protein kinase (MAPK). We evaluated the effects 
of a £38 MAPK inhibitor in Dahl salt-sensitive rats (DS) with hypertension- 
induced left ventricular (LV) hypertrophy at risk of progression to CHF. Methods: 
DS rats were divided into four groups: a 7W in which a £38 MAPK inhibitor 
(FR167653; 2 mg/kg/day) was administered from age 7 weeks when we initiated 
a high-salt diet in all groups; an 11W in which FR 167653 was administered 
beginning at 11 weeks, when concentric LV hypertrophy appeared; a 15Win 
which FR1 67653 was administered beginning at 15 weeks, when CHF 
developed; and an untreated group (UN). Dahl salt-resistant rats (OR), a control 
group, were not given FR1 67653. Results: At 19 weeks of age, interleukin-1 p(IL- 
1(3) mRNA expression was significantly less in all treated groups than in UN 
(p<.01), indeed nearly the same as in DR. Expression of monocyte 
chemoattractant protein-1 (MCP-1) mRNA and the number of macrophages in LV 
did not decrease in any treated group. Echocardiographical findings indicated the 
presence of LV concentric hypertrophy in 11W and LV wall dilation in 15W, but 
no such changes in 7W, and preserved LV wall motion in all treated groups. 
Hypertrophy of myocytes and increased interstitial fibrosis were observed in LV 
sections from 11W, 15W, and UN but not in 7W or DR. All UN had died of 
pulmonary congestion due to LV dysfunction by 22 weeks. The survival rate at 22 
weeks was 90% in 7W, 50% in 11W, and 30% in 15W groups. Kaplan-Meier 
survival analysis demonstrated a significant improvement in 7W (p=.0015) and 
11W (p=.0320) compared with UN. Conclusion: The £38 MAPK inhibitor 
suppressed IL-1pproduction by macrophages infiltrating the LV in response to 
MCP-1 . The inhibitor prevented progression of cardiac hypertrophy and CHF. 



Role of p38 Mitogen-Activated Protein Kinase in a Murine 
Model of Pulmonary Inflammation 1 



Jerry A. Nick, 2 * 1 " Scott K. Young,* Kevin K. Brown,** Natalie J. Avdi,* Patrick G. Arndt,* t 
Benjamin T. Suratt,* + Michael S. Janes,* Peter M. Henson/ and G. Scott Worthen* +§ 

Early inflammatory events include cytokine reieasc, activation, and rapid accumulation of neutrophils, with subsequent recruit- 
ment of mononuclear cells. The p38 mitogen-activated protein kinase (MAPK) intracellular signaling pathway plays a central role 
in regulating a wide range of inflammatory responses in many different cells. A murine model of mild Ll'S-induced lung inflam- 
mation was developed to investigate the role of the p38 MAPK pathway in the initiation of pulmonary inflammation. A novel p38 
MAPK inhibitor, M39, was used to determine the functional consequences of p38 MAPK activation. In vitro exposure to M39 
inhibited p38 MAPK activity in LPS-stimulated murine and human neutrophils and macrophages, blocked TNF-a and macro- 
phage inflammatory protein-2 (MIP-2) release, and eliminated migration of murine neutrophils toward the chemokines MJP-2 and 
KC. In contrast, alveolar macrophages required a 1000-fold greater concentration of M39 to block release of TNF-a and MIP-2. 
Systemic inhibition of p38 MAPK resulted in significant decreases in the release of TNF-a and neutrophil accumulation in the 
airspaces following intratracheal administration of LPS. Recovery of MIP-2 and KC from the airspaces was not affected by 
inhibition of p38 MAPK, and accumulation of mononuclear cells was not significantly reduced. When KC was instilled as a 
proinflammatory stimulus, neutrophil accumulation was significantly decreased by p38 MAPK inhibition independent of TNF-a 
or LPS. Together, these results demonstrate a much greater dependence on the p38 MAPK cascade in the neutrophil when 
compared with other leukocytes, and suggest a means of selectively studying and potentially modulating early inflammation in the 
lung. The Journal of Immunology, 2000, 164: 2151-2159. 



The rapid accumulation of neutrophils to the lung in re- 
sponse to a proinflammatory stimuJus is one of the first 
recognizable events in the pathogenesis of many pulmo- 
nary diseases. The process by which neutrophils cross the pulmo- 
nary vasculature, migrate through the lung interstitium, and ulti- 
mately accumulate in the airways requires complex interactions 
between circulating leukocytes and the cells of the lung (1). Al- 
though many aspects of neutrophil accumulation are poorly un- ' 
derstood. u number of discrete events have been identified. In 
health, a significant proportion of the circulating neutrophils are 
passing through the lung capillary bed at any point in time, con- 
tributing to the marginating pool (2). in the setting of lung injury, 
effective migration and accumulation of neutrophils into the air- 
spaces requires coordinated responses including up-regulation of 
adhesion molecules, cytoskeletal rearrangement, increases in cell 
size and stiffness, and cheniotaxis (2-4). To a Jarge extent, cyto- 
kines and other soluble proinflammatory stimuli orchestrate the 
responses of the leukocytes. Synthesis of cytokines by the neutro- 
phil itself may serve to amplify and perpetuate the recruitment of 
leukocytes to the airspaces in certain disease states (5). Monocyte 
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and macrophage accumulation in the lung typically occurs follow- 
ing an initial recruitment of neutrophiis. In some animal models of 
acute inflammation, accumulation of monocytes in the lung was 
found to be neutrophil dependent (6). 

Of particular interest is the ability of LPS to induce lung in- 
flammation, as local or systemic endotoxin release is an important 
feature of many diseases, including focal pneumonias, cystic fi- 
brosis, and the acute respiratory distress syndrome. LPS is not an 
effective chemoattractant for neutrophils, but can trigger an in- 
flammatory cascade via the synthesis of cytokines and other proin- 
flammatory mediators by resident alveolar macrophages (AM), 3 
local mast cells, fibroblasts, epithelia, and endothelial cells. The 
release of TNF-a and neutrophil-directcd chemokines such as IL-8 
are essential to early L PS-mediated neutrophil recruitment. 

The combined effects of TNF-a and IL-8 on neutrophil recruit- 
ment are complex and incompletely understood. Known roles of 
TNF-a include activation of endothelial cells to express adherence 
proteins, induction of an array of secondary inflammatory media- 
tors, and "priming" of neutrophils for enhanced phagocytic and 
bactericidal activity (7). Through studies with specific Abs and 
genetically modified mice, the requirement for TNF-a in the 
pathogenesis of LPS-induced shock and tissue injury has been con- 
firmed. However, these techniques do not allow for selective re- 
duction of the release of TNF-a by a cell type, nor modulation of 
the ability of neutrophils to respond to TNF-a. As a single agent, 
TNF-a also does not induce cheniotaxis of neutrophils. However, 
the ELR(+)CXC chemokine IL-8 is one of the most specific neu- 
trophil chemoattractants yet described (8-10). IL-8 has not been 



? Abbreviations used in this paper AM, alveolar macrophages; ATF-2, activated tran- 
scription faclor-2; BAL, bronchial alveolar lavage; ERK, extinct; I hilar signal-regu- 
lated kinases; JNK, c-Jun NH 2 -terminal kinase: MAPK. mitogen-activated protein 
kinase; MIP-2, macrophage inflammatory protcin-2: MPO, myeloperoxidase. 
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identified in mice, but macrophage inflammatory protein-2 
(MIP-2) and KC share the same ELR( + )CXC structure and act as 
functional homologue of human IL-8 (11, 12). 

Selective responses of cells to external stimuli may be under- 
stood through differential activation of intracellular signaling 
mechanisms. The mitogen-activated protein kinase (MAPK) su- 
perfamily are highly conserved signaling kinases that regulate cell 
growth, differentiation, and stress responses (13). At least three 
distinct families of MAPKs exist in mammalian cells: the p42/44 
extracellular signal-regulated kinase (ERK) MAPKs, c-Jun NFU- 
terminal kinases (JNKs), and p38 MAPK ( 14-16). Both the coor- 
dinated release of cytokines by host defense cells and the func- 
tional response of neutrophils to cytokines and other proin- 
flammatory agents are to varying degrees regulated by p38 MAPK.. 
In the neutrophil, p38c* MAPK is activated in response to many 
stimuli, including LPS and TNF-a (17, 1 8). Once activated, p38a 
MAPK is capable of modulating functional responses through 
phosphorylation of transcription factors and activation of other ki- 
nases. In LPS-stimuIatcd neutrophils, p38a MAPK regulates dis- 
tinctly different functions, including adhesion, activation of NF- 
kB, and the synthesis of TNF-a and IL-8 (19-21). In neutrophils 
stimulated with the chemoattractant FMLP, activation of p38« 
MAPK regulates both superoxide anion release and chemotaxis 
(19, 20). In the LPS- stimulated monocyte/macrophage, inhibition 
of p38a MAPK blocks TNF-a and IL-8 release (16, 22). In cells 
other than leukocytes, p38 MAPK also regulates stress-responses, 
including release of IL-8 by bronchial epithelial cells in response 
to TNF-a or other inflammatory stimuli (23). LPS stimulation also 
causes activation of p38 MAPK in endothelial cells, resulting in 
up-regulation of the ICAM-1 adhesion molecule (24). 

Given this central role of p38 MAPK as a regulator of multiple 
inflammatory responses in many diverse cell types, we questioned 
the effect of in vivo p38 MAPK inhibition on neutrophil accumu- 
lation in the lung. For these studies, we employed a murine model 
of mild pulmonary inflammation in response to a single adminis- 
tration of LPS in the airspace. Inhibition of p38a MAPK was 
accomplished with the novel compound M39, which is the most 
highly selective and potent inhibitor of p38 MAPK described to 
date (25). We studied the effects of selective inhibition of p38 
MAPK on several events critical in the pathogenesis of the early 
inflammatory response of the murine lung. Herein we report that in 
vitro inhibition of p38 MAPK resulted in a significant decrease in 
murine neutrophil function, but a limited effect on other inflam- 
matory responses. In vivo, this resulted in the loss of initial neu- 
trophil recruitment to the airspaces, while later accumulation of 
mononuclear cells remained largely intact. Together, these data 
indicate the potential for relatively selective in vivo inhibition of 
neutrophilic responses. 

Materials and Methods 

Materials 

Endotoxin-free reagents and plastics were used in all experiments. Apro- 
tinin, leupeptin, Tris-HCL Triton X-100, igepal. PMSF, EDTA, EGTA. 
Nonidet P-40, and protein A-Sepharosc were purchased from Sigma (St. 
Louis, MO), and [y- 32 P]ATP was purchased from Aincrsham (Arlington 
Heights, IL). M39 [(5)-5-[2-ll-phcnylethylamino)pyrimidin-4-yl]-l -meth- 
yl -4-(3-trifluoromethylphcnyl)-2-(4-piperidinyl) imidazole] was provided 
by Merck (Rah way. NJ) and stored in DMSO at -20°C. LPS was purified 
from Escherichia coli 01 1 1 :B4 (List Biological Laboratories, Campbell, 
CA). Recombinant fCC and MIP-2 were purchased from R&D Systems 
(Minneapolis, MN). Activated transcription factor (ATF)-2,_, l0 was pre- 
pared as previously described (17, 19). 

Animals 

Female C57BL/0 mice (Harlan Spraguc Dawley, Indianapolis, IN), 6-12 
wk of age and weighing 16-20 g, were used in all experiments. They were 



given commercial pellet food and water ad libitum. All experiments were 
performed in accordance with the Animal Welfare Act and the U.S. Public 
Health Service Policy on Humane Care and Use of Laboratory Animals 
after review of the protocol by the Animal Care and Use Committee of the 
National Jewish Medical and Research Center. Anesthesia was provided by 
a single i.p. injection of 333 mg/kg avertin. Avertin was prepared by mix- 
ing 10 g tribromoethyl alcohol (Aldrich, Milwaukee, Wl) with 10 ml te- 
riary amyl alcohol (Aldrich) and diluting this stock to a 2.5% solution in 
sterile saline. 

Murine bronchial alveolar lavage (BAL) 

BAL was pcrfonncd immediately following sacrifice of the animals by 
pentobarbital overdose or cervical dislocation. The procedure was per- 
formed with the lungs in situ but with the chest cavity opened by midline 
incision. The trachea was intubated orally or directly through a small cut- 
down of the skin overlying the trachea with a 20-g angiocath (Baxter Quik- 
Cath, Baxter Health Care, Decrficld, IL). Two to four 0.8-inl aliquots of 
saline with 20 U/ml heparin were instilled and sequentially removed by 
gentle hand suction with a I -ml syringe. The volume of BAL recovered 
was quantified and cells recovered were counted in a hem ocy tome ter. Cell 
types were determined by Wright st aining of a spun sample. All slides were 
counted twice by different observers blinded to the status of the animal. 
Samples for cytokine analysis were immediately frozen in a dry ice/ethanol 
bath and stored at -70°C. 

Isolation of cells 

Human neutrophils were isolated by the plasma Percoll method (26) and 
suspended in Krebs-Ringcr phosphate buffer with 0.2% dextrose at pH 7.2 
or in RPMI 1640 culture medium (BioWhittakcr, Walkersville, MD). Ma- 
ture murine bone marrow neutrophils were isolated from mouse femurs and 
tibias. Animals were sacrificed by cervical dislocation, and the bones were 
dissected. Both ends of each bone were removed, and a 25 -gauge needle on 
a 5-ml syringe containing HBSS (without calcium, magnesium, bicarbon- 
ate, or phenol red) was employed to express marrow from the bones. Mar- 
row cords were collected in a 50-ml polypropylene conical tube (Bccton 
Dickinson, Bedford, MA) and subsequently rcsuspended by gentle aspira- 
tion of the suspension through a 19-gauge needle. The marrow cells were 
pelleted by centrifugation at 1 12 X g for 6 min, washed once with HBSS, 
and rcsuspended in HBSS to a final volume of 2 ml in preparation for 
density gradient centrifugation. A stock solution of Percoll (100% fine 
grade; Pharmacia Fine Chemicals, Piscataway, NJ) was prepared in 10X 
HBSS in a ratio of 9:1 (v/v) Percoll:10x HBSS. A 3 X 2-ml Percoll 
discontinuous density gradient (72, 64, and 52% with 1 X HBSS) was pre- 
pared in a 15-ml polypropylene conical tube (Becton Dickinson). The mar- 
row suspension was layered on lop of the Percoll gradient and ccntrifuged 
at 1060 X g for 30 min. Morphologically mature appearing neutrophils at 
a concentration of >95% formed a band at the interface of the 64 and 72% 
Percoll layers. This band was carefully aspirated and mixed with 12 ml of 
IX HBSS in a 15-ml conical tube, ccntrifuged at 112 x g for 6 min, 
washed twice with I X HBSS, and resuspended in 1 X HBSS to a volume 
of 2 ml and counted by hemocytometer. Typical yields were —1-2 x 10 7 
mature bone lnatrow neutrophils per mouse. In separate studies, the mar- 
row neutrophils were shown to have equivalent functional responses and 
recirculation patterns when compared with peripheral murine neutrophils 
(B.T.S., unpublished observations). Murine peripheral blood neutrophils 
were isolated by modification of methods previously reported (27) for the 
purification of rabbit peripheral neutrophils. Mice were volume expanded 
and exsanguinated into a 3.8% citrate solution followed by centrifugation 
at 300 X g for 20 min. The cell pellet was resuspended in 6% dcxtran and 
0.9% NaCI solution (in a ratio of 1 :5.25, dextramsaline) to a final volume 
of 150% the original blood volume and sedimented at unity gravity for 30 
min. The leukocyte-rich supernatant was aspirated, washed once in HBSS, 
layered over a Percoll gradient (78. 66, and 54%) and centrifuged at 
1060 x g for 30 min, Cytospun samples of the dense band revealed >90% 
neutrophils. Following lysis with hypotonic saline, typical yields were —2- 
4 X 10 5 peripheral blood neutrophils per mouse. Trypan blue dye exclusion 
showed the cells to be >97% viable following purification. Murine AM 
were isolated by two sequential BALs. Typical yields were -2 X 10 5 cells 
per mouse and wjsre 97-99% AM as assessed by Wright staining of spun 
samples. 

Neutrophil functional assays 

All experiments were done in the presence of 1% human or murine heat- 
inactivated platelet-poor plasma. Cytokine release assays were performed 
with murine neutrophils isolated from peripheral blood or murine AM re- 
suspended in RPMI 1640 containing 2% murine heat- inactivated platelet- 
poor plasma at a concentration of 5 X I0 h cells/ml. One milliliter of cells 
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FIGURE I. M39 inhibits LPS-induccd activation of p38ar MAPK in the murine neutrophil. A, Tyrosine phosphorylation of p38<r MAPK. Murine and 
human neutrophils (4 x 10" per condition) were exposed to M39 (1 yuM) for 60 min at 37°C or left untreated, then stimulated with LPS (100 ng/ml) for 
20 min at 37°C (L) or left unstimulated (U). The celts were lyscd, and p3X« MAPK was immunoprecipitaied and separated by SDS-PAGE. Western blots 
were probed with an anti-phosphotyrosine Ab capable of reacting with phosphorylated tyrosine residues of p38o MAPK. A nonimmune IgG control is 
shown in lane 5 for human neutrophils to confirm the specificity of our p38a MAPK antiserum. B, Equivalent immunoprecipitation of p38a MAPK, Blots 
from A were rcprobed with an anti-p38 MAPK Ab to demonstrate an equal amount of p38 MAPK i mm unoprccipi rated for each condition studied. C 
Activation of p38a MAPK. p38a MAPK was immunoprecipitated from the lysates depicted in- A and B and combined with ATF-2,_, 1U in the presence of 
[ W P]ATP. The peptide was subjected to SDS-PAGE, and the amount of [ 32 P] phosphorylation of ATF-2,_ II0 was assessed by phosphor screen autora- 
diography. Under identical conditions, p38a MAPK immunoprecipitated from murine AM was also analyzed for inhibition by M39. Immunoprecipitation 
with the nonimmune IgG control shown in lane 5 of A and B for human neutrophils confirmed a lack of nonspecific phosphorylation of ATF-2,_, l0 . Plots 
depict means ± SEM from three consecutive experiments expressed in arbitrary units. », p < 0.01 by Student's / test, compared with the LPS-stimuIated 
sample in die absence of M39 for each cell type. 



suspension was added per well of a 12-well flat-bottom tissue culture- 
treated polystyrene plate (Costar, Corning, NY). Cells were allowed to 
settle without agitation for 60 min at 37°C (in the presence or absence of 
the p38 MAPK inhibitor), followed by addition of stimuli for the desig- 
nated periods. At the end of the stimulation, the supernatant was removed 
for quantification of Kt\ MIP-2, or TNF-a by immunoassay (R&D Sys- 
tems). In vitro inhibition of p38 MAPK was performed by incubation of 
neutrophils or macrophages with M39 over a range of concentrations for 60 
min at 37°C. Collagen gel migration assays were performed as previously 
described (27) with minor modifications. Throughout all migration assays, 
Krebs-Ringer-phosphate dextrose with 0.25% human serum albumin was 
used as the buffer. Between 2 and 5 X 10 6 neutrophils were loaded per gel 
for each condition studied. Gels were inverted onto mounting media con- 
taining 0.1%p-phenylenediaminc and 70% glycerol with 1 drop of defined 
diameter fluorescent beads (DNA-Chcck; Coulter, Hialeati, FL) to estab- 
lish the scale. All gels were examined with a X 40 dry objective and nu- 
merical aperture 0.55. Diagrams of cells in each gel section were made at 
5-/LUH intervals, and the number of cells at each depth were recorded. A 
minimum of three gel sections were examined for each condition, and 
averages were calculated for each depth. Values for cell distribution at each 
depth were expressed as a percent of total celts observed in the entire 
vertical section. 

P3S MAPK immunoprecipitation assays 

Kinase activity of p38or MAPK was assayed from immunoprecipitated sam- 
ples by the ability to phosphorylate ATF-2,„ ll0 as previously described (19). 

Intratracheal instillation of proinflammatory stimuli 

Following anesthesia with avcrtin, a 300-ng aliquot of LPS or 1 u.g KC 
dissolved in 50 p\ saline containing 0.1% human scrum albumin was in- 



jected into the mouse airways by passing a 22-gauge bent feeding needle 
with a 1.25-mm ball diameter (Popper & Sons. New Hyde Park, NY) 
through the oropharynx into the trachea. 



In vivo inhibition of p3S MAPK 

Anesthetized mice were administered M39 by gastric intubation of a 22- 
gauge straight feeding needle with a 2.25-mm ball diameter (Popper & 
Sons). Fasting mice were placed in a scmiuprtght position, and M39 sus- 
pended in 100 u,l hydroxypropylmethylcellulose (Abbott Laboratories, Ab- 
bott Park, JL) was instilled at a dose of 3 mg/kg. The M39 was adminis- 
tered 2 h before and 12 h following intratracheal instillation of KC or LPS, 
except for time points earlier than 12 h, in which a single dose of M39 was 
administered. 



Histological examination and quantification of neutrophil 
accumulation of murine lung tissue 

Animals were treated with saline or LPS in the presence or absence of 
M39. At 24 h, the animals were sacrificed by pentobarbital overdose and a 
midline incision was performed. A 20-g catheter (Baxter Health Care) was 
inserted into the trachea and secured by tying with 2-0 silk followed by 
careful dissection to remove the lungs from the thoracic cavity. Attcr full 
inflation with air to 25 cm water pressure, the trachea was tied and the 
lungs submerged in 1.5% glutaraldchydc solution in sodium cacodylatc 
buffer for 24 h. Sections (4 u.m) taken across the entire lung were embed- 
ded in paraffin. Sagittal sections were stained with hcmatoxylin-cosin and 
examined by light microscopy. Between two and four animals were studied 
for each condition, and representative sections of lungs were chosen by two 
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FIGURE 2. Inhibition of p38 MAPK blocks neutrophil migration to- 
ward MIP-2 and KC. A t Neutrophils (3 X \Q°) were treated with 1 yM 
M39 (D) or left untreated (■) for 60 min at 37°C and then subjected to an 
in vitro collagen gel migration assay (see Materials and Methods) toward 
M IP-2 00~ 7 M) for 75 min at 37°C. Each plot depicts distance of migra- 
tion in IO-/im intervals, expressed in mean percent of total cells counted ± 
SEM from three consecutive experiments, with three independent readings 
at eacli depth. Cells that failed to penetrate the gel were quantified in the 
interval labeled "surface." The failure of neutrophils to migrate beyond the 
gel surface following inhibition of p38 MAPK was significant 0? < 0.0001) 
by analysis when compared with untreated cells. B, Under identical 
conditions, neutrophils were treated with M39 (□) or left untreated (■) and 
then subjected to an in vitro collagen gel migration assay toward KC (I0~ 7 
M). The observed loss of migration following inhibition of p38 MAPK was 
significant (p < 0.0001) by v 2 analysis. 



independent observers blinded to the treatment status of the animals. Pho- 
tomicrographs were taken at X400 magnification. Quantification of neu- 
trophil accumulation in the whole lung excluding the airspaces was per- 
formed by myeloperoxidase (MPO) assay as previously described (28) 
with minor modifications. Following BAL, isolated whole lungs were fro- 
zen in liquid nitrogen, weighed, and then homogenized. Following centrif- 
ugation at 20,000 x g for 30 min, the insoluble pellet was rcsuspended in 
50 mM potassium phosphate buffer, pH 6.0, with 0.5% hexadccyltrimeth- 
ylammonium bromide. Samples were sonicated, incubated at 60°C for 2 h. 
and assayed for activity in a hydrogen peroxide/«-dianisidine buffer at 460 
nm. Results are expressed as units of MPO activity per gram of lung tissue. 

Statistical analysis 

Data were analyzed using JMP statistical software (SAS Institute, Cary, 
NC). Student's unpaired / test (two-tailed) was use to determine signifi- 
cance of p38 MAPK inhibition (Fig. 1) and neutrophil accumulation and 
MPO content (Fig. 8) for a single time point. Differences in chemotaxis 
(Fig. 2) were analyzed by a ^ test. One-way ANOVA was used to analyze 
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FIGURE 3. Effect of p38 MAPK inhibition on cytokine release of LPS- 
siimulated murine neutrophils and AM. A, Murine neutrophils were treated 
with M39 (0.001-10 /xM at 37°C) or left untreated and allowed to adhere 
to plastic. The cells were then stimulated with LPS (100 ng/mt) for 4 h at 
37°C, and the quantity of TNF-a (•), MIP-2 (□), or KC (A) released was 
quantified. Each plot depicts mean cytokine release (pg per 10* cells) ± 
SEM for each concentration of M39 from three consecutive experiments. 
The M39 concentration-dependent inhibition of cytokine release is signif- 
icant for TNF-or and MIP-2 {p < 0.00 1) by one-way ANOVA, but not for 
KC. By Under identical conditions, murine AM were treated with M39 or 
left untreated and allowed to adhere to plastic. The cells were then stim- 
ulated with LPS (100 ng/ml ) for 4 h at 37°C and the quantity of TNF-a (•), 
MIP-2 (□), or KC (A) released was quantified. Each plot depict mean 
cytokine release (pg per 10 6 cells) ± SEM for each concentration of M39 
from three consecutive experiments. The M39 concentration-dependent in- 
hibition of cytokine release is significant for TNF-a and MIP-2 {p < 0.001) 
by one-way ANOVA, but not for KC. 



the effect of LPS-induced cytokine release and leukocyte accumulation 
over time (Figs. 3 and 4). Differences in in vivo cell accumulation and 
cytokine release over time in the presence and absence of p38 MAPK 
inhibition (Figs. 5, 6, and 9) were analyzed by two-way ANOVA. V/hen a 
significant interaction between inhibition and time existed, the effect of 
inhibition was analyzed separately for each time point. For all tests, p < 
0.01 was considered significant unless otherwise indicated. 

Results 

Inhibition ofp38a MAPK activation in murine neutrophils 

Previous reports have demonstrated phosphorylation and activa- 
tion of p38a MAPK in human neutrophils following stimulation 
with LPS (17 t 18). To determine whether activation of p38a 
MAPK occurs in murine neutrophils in response to LPS, and as- 
sess the ability of M39 to inhibit p38a MAPK activity, murine 
bone marrow neutrophils were stimulated with LPS in the presence 
and absence of M39. Activity and phosphorylation of p38« MAPK 
were assessed simultaneously by immunoprecipitation of the ki- 
nase from neutrophil lysates stimulated with LPS or left unstimu- 
lated. The p38a MAPK was resolved by SDS-PAGE, and the 
Western blot was stained with an Ab capable of detecting tyrosine 
phosphorylation of p38a MAPK (Fig. \A). For comparison, an 
equal number of human neutrophils were stimulated and analyzed 
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FIGURE 4. Features of pulmonary inflammation induced by intratra- 
cheal administration of LPS./*. Influx of leukocytes in the murine airspaces 
in response to intratracheal LPS. Mice were administered LPS (300 ng) at 
time 0, and the difference in numbers of neutrophils (□) and mononuclear 
cells (•) recovered by BAL compared with baseline levels was plotted 
over a series of time points. Each data point represents the mean change in 
number of cells £ SEM from three to five animals. The effect of LPS on 
leukocyte accumulation over time is significant by one-way ANOVA for 
both neutrophils (/; < 0.001) and monocytes (/> = 0.003). B, Cytokines in 
the murine airspaces in response to LPS. BAL samples recovered following 
administration of LPS (300 ng) were analyzed for TNF-a (•), MIP-2 (□). 
and KC (&). Quantities of cytokine recovered per mouse were plotted 
against time (see Materials and Methods). Each data point represents the 
mean amount ± SEM of cytokine recovered from the BAL of three to five 
animals. The effect of LPS on cytokine release over time is significant by 
one-way ANOVA [p < 0.001). 



in the identical manner (Fig. I A). The blot was then reprobed with 
a second Ab against p38a MAPK, confirming that equivalent 
amounts of kinase were immunoprecipitated for each condition 
(data not shown). Activity of p38a MAPK was determined by 
combining immunoprecipitated p38a MAPK with ATF-2,_ )10 , a 
known substrate (29), in the presence of [ 32 P]ATP (Fig. IB). LPS 
stimulation resulted in robust tyrosine phosphorylation of p38a 
MAPK in both murine and human neutrophils. However, p38a 
MAPK isolated from LPS-stimulated cells treated with M39 had 
significantly reduced kinase activity. Inhibition of p38 MAPK by 
M39 may result in varying degrees of decreased tyrosine phos- 
phorylation between different cell types and species (our unpub- 
lished observations). These results demonstrate phosphorylation 
and activation of p38or MAPK in the murine neutrophil and the 
ability of M39 to inhibit LPS-induced activation of p38a MAPK. 

Inhibition ofp$8 MAPK blocks chemokine-induced chemotaxis 
of murine neutrophils 

Chemotaxis is a complex response involving coordination of ad- 
hesion and actin assembly. We have reported previously that in- 
hibition of p38 MAPK results in loss of chemotaxis response by 
human neutrophils to FMLP (19). We tested the effect of p38 
MAPK inhibition on migration of murine neutrophils toward the 
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FIGURE 5. Effect of in vivo inhibition of p38 MAPK on leukocyte 
accumulation in the airspaces. A, Neutrophil accumulation in the murine 
airspaces following intratracheal LPS. Mice pretreated with M39 (□) were 
administered LPS, (300 ng) at time 0, and celt analysis of BAL was com- 
pared with untreated mice (•) over a series of times (see Materials and 
Methods). Each point represents mean number of neutrophils ± SEM from 
three to five animals. The effect of M39 on LPS-induced neutrophil accu- 
mulation over time is significant {p - 0.0005) by two-way ANOVA. B. 
Mononuclear cells accumulation in the murine airspaces following LPS. 
Mononuclear cells from BAL samples depicted in Fig. 4A were analyzed 
in mice administered M39 (□) and compared with untreated mice (•) over 
a scries of times. Each point represents mean number of cells ± SEM from 
three to five animals. The effect of M39 on LPS-induced mononuclear cell 
accumulation over time is not significant (p - 0.39) by two-way ANOVA. 



chevnoattractants MIP-2 and KC. Neutrophil chemotaxis through a 
three-dimensional collagen matrix was quantified by counting the 
number of cells within a scries of 5-p.m intervals after 75 min of 
exposure to die chemokines. In the presence of M39, neutrophil 
chemotaxis to MIP-2 (Fig. 2A) and KC (Fig. IB) was blocked. 

Effect ofp3S MAPK inhibition on cytokine release of 
LPS-stimulated murine neutrophils and AM 

An important role of AM is cytokines release in response to LPS, 
thus triggering and coordinating early inflammation. Neutrophils 
also have the capability to synthesize and release a limited number 
of cytokines (30) and under certain conditions may be important in 
perpetuating the inflammatory response. Activation of p38 MAPK 
has been associated with cytokine production by both monocytes/ 
macrophages and neutrophils. We tested the effect of p38 MAPK 
inhibition with M39 on LPS-induced release of TNF-a, MIP-2, 
and KC from adherent neutrophils and AM (see Materials and 
Methods). An IC 50 of M39 inhibition of TNF-a and MIP-2 release 
by LPS-stimulated neutrophils was achieved with a concentration 
of M39 <0. 1 nM (Fig. 3A). In contrast, the IC S0 of M39 for LPS- 
activated AM to achieve inhibition of TNF-a and MIP-2 release 
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FIGURE 6. Effect of in vivo inhibition of p38 MAPK on cytokine re- 
lease in the airspaces. A, TNP-a in the murine airspaces in response to LPS. 
Untreaied mice (•) were administered LPS (300 ng) at time 0, and the 
quantity of TNF-« in the BAL were compared with mice prctreated with 
M39 (□) over a scries of times (see Materials and Methods). Each point 
represents the mean amount (pg/mouse) ± SEM of TNF-a recovered from 
the BAL from three to five animals. p < 0.01, compared with M39 
treated mice at the same time point. The effect of M39 on LPS-induced 
TNJ'-a release over time is significant (p < 0.0001) by two-way ANOVA. 
B, MIP-2 in the murine airspaces in response to LPS. BAL samples from 
Fig. 5.4 were reanalyzed for MIP-2 in untreated mice (•) compared with 
mice administered M39 (□) over a series of times. Each point represents 
the mean amount (pg/mouse) ± SEM of MI P-2 recovered from the BAL 
from three to five animals. The effect of M39 on LPS-induccd MIP-2 re- 
lease over time is not significant (p ~ 0.49) by two-way ANOVA, C, KC 
in the murine airspaces in response to LPS. BAL samples from Fig. 5/1 
were reanalyzed for KC in untreated mice (•) compared with mice ad- 
ministered M39 Q over a series of times. Each point represents the mean 
amount (pg/mouse) ± SEM of KC recovered from the BAL from three to 
five animals. The effect of M39 on LPS-induccd KC release over time is 
not significant (p - 0.73) by two-way ANOVA. 



was > 1000-fold higher (Fig. 3B). Neither LPS-stimulatcd neutro- 
phils nor AM were found to release significant quantities of KC 
under the conditions studied (Fig. 3, A and B). Viability of neu- 
trophils and macrophages treated with 1 0 /xM M39 ranged from 97 
to 99%, equal to the viability of the untreated cells (data not 
shown). These results support the conclusion diat in vitro inhibi- 
tion of p38 MAPK may result in a relatively greater loss of func- 
tional response by the neutrophil than by the AM. 
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FIGURE 7. Systemic inhibition of p38 MAPK results in diminished 
pulmonary inflammation. A. Pulmonary histology of a saline-treated 
mouse. At 24 h following intratracheal instillation of saline* the murine 
lungs were fixed and stained with hematoxylin and cosin (sec Materials 
and Methods). Plate represents a representative field from one of two mice 
at X400 magnification. B, Histologic changes associated with intratracheal 
administration of LPS. Murine lung 24 h following intratracheal adminis- 
tration of LPS (300 ng/mouse); Plate depicts a representative field from one 
of four mice. C, Effect of in vivo p38 MAPK inhibition on LPS-induced 
histological changes. Mice were administered M39 by gastric intubation 
(see Materials and Methods) and then exposed to LPS in an identical manner 
as Fig. AB, Plate depicts a representative field iiom one of four mice. 



Characterization of murine pulmonary inflammation in response 
to intratracheal LPS 

To study the role of p38 MAPK activation in the lungs, a model of 
mild pulmonary inflammation was developed. Following intratra- 
cheal administration of LPS, leukocytes and selected cytokines 
were quantified from BAL samples over a series of time points. A 
dose of LPS was selected that would elicit an exuberant neutrophil 
influx, followed by a secondary accumulation of mononuclear cells 
(primarily macrophages and monocytes), with near complete res- 
olution by 72 h (Fig. 4A). The maximal neutrophil accumulation in 
the airspaces occurred at 24 h following LPS installation (Fig. A A). 
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FlfiUKS 8. Systemic inhibition of p38 MAPK results in decreased ac- 
cumulation of neutrophils in the airspaces independent of the whole lung. 
A, Neutrophil accumulation in airspaces. Neutrophils recovered by BAL at 
24 h following intratracheal instillation of saline or LPS (300 ng/mouse) 
with and without administration of M39 by gastric intubation (identical 
with the conditions depicted in Pig. 7). Each bar represents mean number 
of neutrophils ± SEM from three animals. *, p < 0.01 by Student's / test 
comparing indicated condition. B, MPO content in lungs following BAL. 
To determine relative quantities of neutrophils present in the lungs exclud- 
ing the neutrophils accumulated in the airspaces, the isolated lungs from 
the animals depicted in A were assayed for MPO following BAL. Each bar 
represents mean ± SEM of MPO activity per gram of lung tissue from 
three animals. p < 0.01 by Student's / test comparing indicated 
condition. 



In association with administration of LPS, production of TNF-a, 
MIP-2, and KC peaked within 4 h, returning to baseline by 12 h 
(Fig. 4B). Cytokine recovery was negligible by 24 h, the point at 
which neutrophil influx was greatest, suggesting that cytokine re- 
lease by neutrophils is minimal in this model. 

Inhibition of p38 MAPK in vivo results in decreased leukocyte 
accumulation in the airspaces 

To quantify changes in inflammation observed in the setting of in 
vivo p38 MAPK inhibition, we conducted BAL studies over 72 h 
following administration of LPS. Numbers of neutrophils and 
mononuclear cells recovered by BAL in mice follow ing inn*a tra- 
cheal LPS were counted. Administration of M39 resulted in sig- 
nificant reduction of neutrophil accumulation from 4 to 24 h (Fig. 
5/i). By 48 h, neutrophils were no longer present in the airways, 
but were replaced by monocytes/macrophages. When total 
mononuclear cells were evaluated, the effect of systemic p38 
MAPK inhibition was not statistically significant (Fig. 52?). 
Together, these plots support the conclusion that in vivo inhi- 
bition of p38 MAPK result primarily in reduction of the early 
neutrophil accumulation, with little effect on the later recruit- 
ment of monocytes/macrophages. 

Inhibition of p38 MAPK in vivo results in decreased TNF~ct 
release in the airspaces 

BAL studies of mice 0-72 h following administration of LPS were 
analyzed for TNF-a, MIP-2, and KC. Only TNF-a was found to be 
significantly reduced by in vivo inhibition of p38 MAPK with M39 
(Fig. 6,4), with no detectable change in the release of MIP-2 (Fig. 
SB) or KC (Fig. 5C). This data suggests that systemic inhibition of 
p38 MAPK can have divergent effects on cytokine release, and that 
release of the KC and MIP-2 chemokines by resident pulmonary 
immune cells in the mouse is relatively less dependent on p38 
MAPK signaling than TNF-a under the conditions studied. 




FIGURE 9. EfTed of in vivo inhibition of p38 MAPK on KC-induced 
leukocyte accumulation and cytokine release. A, Neutrophil accumulation 
in the murine airspaces in response to intratracheal KC. Mice pretreated 
with M39 (Q) were administered KC (1 /ig) at time 0, and cell analysis of 
BAL was compared with untreated mice (•) over a series of times (see 
Materials and Methods). Each point represents mean number of neutro- 
phils ± SEM irom three to seven animals. Analysis of data by two-way 
ANOVA indicated a significant interaction between M39-mduccd inhibi- 
tion and time, therefore the effect at each time point was analyzed sepa- 
rately. Significant inhibition (*,/;< 0.01) was found at 4 h, with inhibition 
approaching significance at 8 h (** f /; = 0.028). No significant changes 
were present at 24 h (/; = 0.95). B, Leukocyte accumulation in the murine 
airspaces in response to KC. The total white blood cell count in BAL 
samples depicted in Fig. 8.4 was counted in mice administered M39 (□) 
compared with untreated mice (•) over a scries of times. Each point rep- 
resents mean number of cells ± SEM from three to seven animals. Anal- 
ysis of data by two-way ANOVA indicated a significant interaction be- 
tween M39-induccd inhibition and time, therefore the effect at each time 
point was analyzed separately. Significant inhibition (*. p < 0.01) was 
found at 4 and 8 h. No significant changes were present at 24 h (p = 0.99). 

Inhibition of p38 MAPK in vivo results in diminished 
histological evidence of pulmonary inflammation 

The effect of in vivo p38 MAPK inhibition on the histological 
changes of mild LPS-induced pulmonary inflammation were eval- 
uated. Animals were administered LPS intratracheally in the pres- 
ence and absence of M39and compared with saline-treated con- 
trols. After 24 h, LPS -treated mice (Fig. IB) demonstrated a 
significant interstitial and intraalveolar accumulation of leukocytes 
and edema when compared with saline treated animals (Fig. 1A). 
In the presence of 38 MAPK inhibition, inflammatory changes 
were evident, but to a lesser extent (Fig. 1C). 

Inhibition of p38 MAPK selectively bloc/cs the accumulation of 
neutrophils into the airspaces 

Decreased neutrophil accumulation in the airspaces in response to 
LPS following inhibition of p38 MAPK could possibly be due to 
decreased retention of neutrophils in the pulmonary vasculature or 
lung intcrstitum, or by loss of the ability of the cells to migrate into 
the alveoli. The MPO assay was used to quantify the neutrophil 
burden in the pulmonary vasculature and interstitium. Animals 
were administered LPS intratracheally in the presence and absence 
of M39 and compared with saline-treated controls at 24 h, identical 
with the conditions depicted in Fig. 7, /I-C. Neutrophil accumu- 
lation in the airspaces was determined by BAL (Fig. 8/f), and 
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following BAL the isolated lungs were subjected to the MPO assav 
(Fig, 8/if). Although significant reduction in neutrophil accumula- 
tion is observed in the setting of in vivo p38 MAPK. inhibition 
(Fig. 8^4), the amount of neutrophils present in the isolated lungs 
with or without p38 MA PIC inhibition are equivalent (Fig. SB). 
These results support the conclusion that systemic inhibition of 
p38 MAPK results in a loss of migration of neutrophils into the 
airways, consistent with the effects of in vitro p38 MAPK inhibi- 
tion on neutrophil chemotaxis (Fig. 2). 

Decreased neutrophil accumulation by inhibition ofp38 MAPK 
in viva occurs due to reduced neutrophil chemotaxic response 

Observed decreases in pulmonary inflammation following sys- 
temic inhibition of p38 MAPK might occur due to diminished 
response of neutrophils to LPS, as a result of decreased TNF-a 
release (Fig. 6//) or as a selective inhibition of neutrophil chemo- 
taxis (Fig. IB). To evaluate the effect of systemic p38 MAPK 
inhibition on neutrophil chemotaxis independent of LPS and 
TNF-of, a model using KC-induced pulmonary inflammation was 
studied. KC is a potent and selective chemoattractant for murine 
neutrophils that triggers little of the inflammatory cascade, KC was 
administered intratracheally in mice in the presence and absence of 
M39, and BAL studies were performed from 0 to 48 h. Under the 
conditions studied, KC induced a rapid and self-limited migration 
of neutrophils that was significantly decreased by in vivo p38 
MAPK inhibition (Fig. 9,4). Unlike LPS, a substantial later accu- 
mulation of mononuclear cells did not occur in response to KC 
(Fig. 9B). BAL analysis demonstrated no measurable release of 
MIP-2 and TNF-or and levels of KC within the airspaces decreased 
rapidly following administration (data not shown). These results 
suggest that decreases in LPS-induced neutrophil accumulation 
following systemic inhibition of p38 MAPK can occur due to re- 
duced neutrophil response, independent of TNF-a production. 

Discussion 

The murine model of lung inflammation described above uses a 
single, low-dose intratracheal administration of LPS to induce an 
acute inflammatory response characterized by rapid but self-lim- 
iting release of cytokines, followed by the transient influx of neu- 
trophils and a secondary accumulation of mononuclear cells. This 
model was designed to study the critical early stages of lung in- 
flammation in which neutrophil recruitment is a central feature. By 
limiting the extent of the initial insult, many of the features mat 
contribute to the perpetuation of severe inflammation were 
avoided, including sustained release of cytokines, ongoing recruit- 
ment of leukocytes, significant damage of the parenchyma, and 
ultimately a significant mortality rate. 

Through in vitro studies of various cell lines and primary cells, 
p38 MAPK has been linked to a variety of inflammatory responses. 
With the recent development of potent and specific inhibitors, the 
role of p38 MAPK in both in vitro systems and complex in vivo 
models of inflammation can be studied. Murine neutrophils were 
found to have nearly identical activation of p38a MAPK in re- 
sponse to stimulation by LPS with what has previously been re- 
ported in human neutrophils. Treatment of murine neutrophils with 
the novel p38 MAPK inhibitor M39 resulted in significant inhibi- 
tion of p38a MAPK activity. Important functional effects of p38 
MAPK inhibition in the murine neutrophil were the loss of che- 
motaxis toward MIP-2 and KC and the loss of TNF-a and MIP-2 
release in response to LPS. Unexpectedly, parallel studies of mu- 
rine AM demonstrated a 1000-fold greater concentration of M39 is 
required to block release of TNF-a. MIP-2, or KC. The greater 
sensitivity of neutrophils to inhibition of the p38 MAPK cascade 



was also observed in vivo. In response to intratracheal adminis- 
tration of LPS, the influx of neutrophils, but not mononuclear cells, 
was significantly decreased in the setting of systemic p38 MAPK 
inhibition. Quantification of the neutrophil accumulation in the 
whole lung demonstrated that under the conditions studied only the 
airspaces have a reduction of the influx of neutrophils, supporting 
the in vitro analysis of the dependence of neutrophil chemotaxis on 
p38 MAPK activation. Recovery of TNF-a in the airspaces was 
reduced through p38 MAPK inhibition, but quantities of MIP-2 
and KC were not affected. When KC was used as a primary neu- 
trophil chemoattractant, secondary release of TNF-a and MIP-2 
was not evoked, but neutrophil influx was significantly blocked by 
systemic p38 MAPK inhibition. 

Although the MAPK cascades are highly conserved, it is now 
understood that specific utilization of the MAPK cascades differs 
between neutrophils, macrophages, and other cells. In monocytes 
or macrophage cell lines, LPS has been reported to activate p42/44 
(ERK) MAPK and JNK as well as the p38 MAPK cascade (31- 
33), Release of TNF-a by monocytes or macrophage cell lines can 
be blocked through selective inhibition of either the JNK (32), p38 
MAPK (16), or the p42/44 (ERK) MAPK cascade (34). Disruption 
of a component of the p38 MAPK cascade in MKK3~~*~ mice 
failed to reduce TNF-a release by peritoneal macrophages in re- 
sponse to LPS (35). In T cells, inhibition of p38 MAPK has less of 
an effect on TNF-a release than does inhibition of the p42/44 
(ERK) cascade (36). In contrast, LPS stimulation of neutrophils 
does not result in activation of the p42/44 (ERK) MAPKs or the 
JNKs (17, 18, 37). As a short-lived, terminally differentiated pri- 
mary cell, the neutrophil possesses a more limited synthetic capa- 
bility and, in response to LPS, uses fewer of the available intra- 
cellular signal transduction mechanisms. Thus, the selective loss of 
neutrophil function in the setting of systemic p38 MAPK inhibi- 
tion suggests that neutrophils are relatively more dependent on 
signal transduction via the p38 MAPK cascade than AM. 

Although considerable recent interest has been focused on the 
activation and function of p38 MAPK, there are few reports of in 
vivo inhibition of this signaling pathway. The pyridinyl imadazole 
compounds, including SB203580 and SK&F86002, are the most 
widely studied p38 MAPK inhibitors and have been shown to pos- 
sess antiinflammatory properties in animal models. These early 
p38 MAPK inhibitors were shown to reduce neutrophil influx in 
response to monosodium urate- or carrageenan-induced peritonitis 
(38) and collagen-induced arthritis (39, 40). In response to i.p. 
injection of LPS, administration of these compounds resulted in 
decreased recovery of TNF-a by peritoneal washout (41) and de- 
creased serum TNF-a and mortality in a murine model of endo- 
toxin shock (40, 42, 43). The antiinflammatory effects of these p38 
MAPK inhibitors occurred in the absence of generalized immuno- 
supression (40, 41, 44, 45). The effects of systemic p38 MAPK 
inhibition on pulmonary inflammation has not been described. To 
date, nearly all studies of the functional role of p38 MAPK have 
used the compound SB203580, which has an IC 50 = 39 ± 1 1 nM 
for p38 MAPK as well as considerable inhibitory effects toward 
c-Raf (IC 50 = 330 ± 155 nM) and JNK2al (IC 50 = 290 ± 110 
nM). In comparison, M39 has an IC 50 = 0.1 1 ± 0.046 nM for p38 
MAPK and is significantly less active toward c-Raf (1C 30 = 
>I000 nM) orJNK2al (IC 50 = 675 nM) (25). As a more potent 
and selective p38 MAPK inhibitor, M39 is better suited for in vivo 
studies than previously available compounds. 

In the murine model of mild LPS-induced pulmonary inflam- 
mation, the predominant effect of in vivo p38 MAPK inhibition 
was to reduce recruitment of neutrophils. Based on in vitro che- 
motaxis assays to MIP-2 and KC, it would appear that this effect 
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can occur as a result of decreased neutrophil response. BAL mea- 
surement of chemokine levels support this conclusion, as neither 
KC nor M1P-2 release was decreased in animals treated with M39. 
In addition, in vivo inhibition of p38 MAPK blocked neutrophil 
accumulation in response to intratracheal administration of KC, 
independent of LPS or TNF-a. Although decreased TNF-a release 
following LPS stimulation was detected in animals treated with 
M39, this effect appears to be of secondary importance under the 
conditions studied, The apparently greater dependence of neutro- 
phils on p38 MAPK signaling when compared with resident cells 
of the lung suggests the potential for selective analysis and mod- 
ulation of neutrophil influx in pulmonary inflammation. 
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Abstract 

The aim of the present study was to evaluate p38 MAPK activation following focal stroke and determine whether SB 239063, a novel 
second generation p38 inhibitor, would directly attenuate early neuronal injury. Following permanent middle cerebral artery occlusion 
(MCAO), brains were dissected into ischemic and non-ischemic cortices and Western blots were employed to measure p38 MAPK 
activation. Neurologic deficit and MR imaging were utilized at various time points following MCAO to monitor the development and 
resolution of brain injury. Following MCAO, there was an early (15 min) activation of p38 MAPK (2.3-fold) which remained elevated up 
to 1 h (1.8-fold) post injury compared to non-ischemic and sham operated tissue. Oral SB 239063 (5, 15, 30, 60 mg/kg) administered to 
each animal 1 h pre- and 6 h post MCAO provided significant (P<0.05) dose-related neuroprotection reducing infarct size by 42, 48, 29 
and 14°/o, respectively. The most effective dose (15 mg/kg) was further evaluated in detail and SB 239063 significantly (/ > <0.05) reduced 
neurologic deficit and infarct size by at least 30% from 24 h through at least 1 week. Early (i.e. observed within 2 h) reductions in 
diffusion weighted imaging (DWI) intensity following treatment with SB 239063 correlated (r=0.74, P<0.01) to neuroprotection seen up 
to 7 days post stroke. Since increased protein levels for various pro-inflammatory cytokines cannot be detected prior to 2 h in this stroke 
model, the early improvements due to p38 inhibition, observed using DWI, demonstrate that p38 inhibition can be neuroprotective 
through direct effects on ischemic brain cells, in addition to effects on inflammation. © 2001 Elsevier Science BY. All rights reserved. 

Theme: Disorders of the nervous system 

Topic: Ischemia 

Keywords: Stroke; p38 MAPK; Neuronal Injury; Neuroprotection; Focal ischemia 



1. Introduction 

The mitogen activated protein kinase (MAPK) family is 
composed of three main groups of kinases. Included 
among these kinases are the p42/44 extracellular-signal 
regulating kinase (ERK), c-Jun N-terminal kinase (JNK), 
and the p38 kinases [28,37]. The MAPK can be further 
divided into two major subfamilies; those regulated by 
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growth factors promoting survival (ERK) and the stress 
activated protein kinases (SAPKs) which regulate apop- 
tosis and inflammatory cell death [27,29,31,42]. 

Activation of the p38 MAPK pathway (phosphorylated 
p38 MAPK) has been implicated in playing a role in the 
regulation of pro-inflammatory cytokines and apoptosis 
[27,30,31,42]. In particular, in vitro studies demonstrated 
that monocytes require activation of p38 MAPK for LPS 
induced cytokine release. Inhibition of the p38 MAPK 
pathway using SB 203580 (specific for p38a and p38p) 
resulted in an inhibition of cytokine release from stimu- 
lated monocytes [26]. Several studies have demonstrated 
that p38 MAPK may regulate the transcription of cytokine 
mRNA [2] and/or possibly the translation of cytokines by 
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inhibiting the critical step of phosphorylation of an AU- 
rich (AUUUA) repeat in the 3' end of mRNA [25]. SB 
203580 also was effective at reducing TNFot, IL-ip 
production [25,29,30,39,43] as well as the expression of 
several other inflammatory cytokines, including IL-6 
[10,24] and IL-8 [17,19,20,24,29,35], thus significantly 
impacting on the inflammatory process and ultimate degree 
of tissue injury. Inhibition of p38 with SB 239063 sup- 
pressed LPS-induced increased plasma TNF levels and 
reduced adjuvant arthritis paw inflammation in the Lewis 
rat [4] and was 3-fold more potent than the first generation 
inhibitor SB 203580. Although the exact mechanism is not 
fully understood, both in vitro and in vivo studies have 
demonstrated that inhibition of p38 MAPK correlates with 
decreased levels of pro-inflammatory cytokine release 
[1,25,29,30], 

In a recent study, we also demonstrated that protein 
concentrations for IL-6 and IL-lra did not significantly 
increase until 12 h following distal electrocoagulation of 
the middle cerebral artery [32]. In addition, the increased 
levels of IL-ip were biphasic increasing at 4 h, approach- 
ing baseline, and then significantly increasing again at 12 
h. The timing of increased protein levels agrees with the 
infiltration of inflammatory cells as assessed by 
myeloperoxidase activity in this particular model. Since 
cytokine production and neutrophil infiltration can be 
delayed up to 12 h or may fall below the lower limit of 
quantification at these time points, p38 MAPK inhibitors 
may be beneficial via additional /alternative mechanisms. 

The rapid phosphorylation of p38 following severe 
stroke [22] suggests that the activation of this signaling 
cascade may be, to some degree, independent of the brain 
inflammatory response. The effects of SB 239063, a novel, 
second-generation p38 inhibitor, have been evaluated in an 
in vitro model of oxygen-glucose deprivation induced 
neuronal cell death [4]. SB 239063 significantly reduced 
hippocampal CA1 cell death (up to 40%) produced by this 
in vitro ischemia in cultured organotypic brain slices. 
These in vitro data suggest that p38 inhibition may directly 
protect neurons, independent of blood flow effects, in 
addition to effects at blocking inflammatory cytokine/ 
mediator production. Therefore, the aim of the present 
study was to examine the temporal profile of p38 MAPK 
phosphorylation following moderate focal stroke and to 
determine whether SB 239063 provides very early direct 
neuronal protection in vivo. 



2. Methods 

2.L Middle cerebral artery occlusion 

Male spontaneously hypertensive rats (SHR; Taconic 
Farms, Germantown, NY) weighing 300-350 g, were used 
in this study. Body temperature was maintained at 37°C 
during all surgical procedures and during recovery from 



anesthesia (i.e. until normal locomotor activity returned). 
Animals were anesthetized with pentobarbital (65 mg/kg, 
i.p.) and underwent permanent middle cerebral artery 
occlusion (MCAO) as described previously [5-7], Briefly, 
the middle cerebral artery was exposed through a 2-3- 
mm 2 craniotomy made just rostral to the zygomatic- 
squamosal skull suture and occlusion of the middle 
cerebral artery was achieved at the level of the inferior 
cerebral vein. 

2.2. Western analyses for p38 MAPK 

For Western blotting experiments, the brain was re- 
moved and rapidly dissected into ischemic (I) and non- 
ischemic control cortices (C) and snap frozen at -80°C. 
Both cortices were homogenized in 1 ml of standard lysis 
buffer for every 100 mg of tissue wet weight. Based on 
protein assay, equivalent amounts of protein (e.g. 30 (xg/ 
well) were be loaded onto a 10% Bis Tris Gel from Novex. 
The gel was run at a constant 130 V for 90 min. The gel 
was transferred at 100 V for 1 h at room temperature or 
overnight at 4°C at 23 V to a nitrocellulose membrane 
(Protran, Schleicher and Schuell BA85, 0.45-|xm pore). 
After the transfer step, the membrane was soaked in 
blocking solution (ZyMed) for 1 h at room temperature. 
The membrane was then washed quickly twice and then 
three times with IX Tween/DPBS for 10 min each on an 
orbital shaker. The primary antibody (New England 
Biolabs kit #9210) was diluted 1:1000 in blocking solu- 
tion and allowed to incubate overnight at 4°C on slow 
shake. The membrane was then washed three times as 
described above. The 2°C HRP-linked antibody (New 
England Biolabs) was diluted 1:2000 (anti-rabbit HRP) in 
blocking solution for 1 h at room temperature on a slow 
shaker. Following incubation with the secondary antibody, 
the membrane was washed twice quickly followed by two 
10-min washes as above. The membrane was then soaked 
in ECL reagent (Amersham RPN 2106 1:1 ration of 
reagent 1 and reagent 2) for 1 min (ECL was not mixed 
more than 15 min prior to use). The membrane was placed 
in a hypercassette (Amersham RPN 1 1648) with hyperfilm 
(Amersham RPN 1674H) and exposed for between 30 s 
and 1 min to develop the film. Western blots were scanned 
and densitometries were calculated using NIH 1.62 Image 
Quant software. Data are represented as a relative fold 
increase in the amount of p38 MAPK in the ischemic and 
non-ischemic cortices relative to sham operated tissue on 
the same side of the brain. This ratio allows for direct 
comparisons between blots as well as for different expo- 
sure times. 

2.3. Dose range for oral SB 239063 

The dose volume for oral studies using SB 239063 was 
10 ml/kg. The vehicle was prepared using a 0.5% 
tragacanth (Sigma, St. Louis, MO) solution and hydrochlo- 
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ric acid (pH 3.0-3.5). SB 239063 powder was added to the 
solution and the pH was maintained at 3.0-3.5 for optimal 
effectiveness. In order to determine the most effective 
dose, the animals received a dose of 5, 15, 30, and 60 
mg/kg 1 h prior to middle cerebral artery occlusion and a 
subsequent dose of SB 239063 at 6 h post MCAO. 

2.4. Histologic evaluation of infarct size 

Rats were euthanized by an overdose of sodium pen- 
tobarbital (200 mg/kg, i.p.). The brains were immediately 
removed and 2-mm coronal sections were cut from the 
entire forebrain area (i.e. from the olfactory bulbs to the 
cortical-cerebellar junction), using a brain slicer (Zivic- 
Miller Laboratories). The coronal sections were immedi- 
ately stained in a solution of 1% triphenyltetrazoliurn 
chloride as described [8]. Sections were transferred to 10% 
formalin (in 0.1% sodium phosphate buffer) for at least 24 
h and then photographed and analyzed as described 
previously [6,7]. Briefly, brain injury was quantified using 
an Optimas image analysis system (DataCell) and the 
degree of brain damage was corrected for the contribution 
made by brain edema/swelling as described previously 
[33,38]. Hemispheric swelling and infarct volume (mm 3 ) 
were calculated from infarct areas measured from the 
sequential forebrain sections. Infarct size was expressed as 
the percent infarcted tissue in reference to the contralateral 
hemisphere. Slice by slice analysis was also performed to 
evaluate the extent of agreement between histology and 
MRI determinations of brain injury. 

2.5. Diffusion weighted imaging 

The magnet was programmed to acquire both diffusion 
weighted and T2 weighted images. For magnetic resonance 
imaging, the animals were intubated for respiratory gating 
and were subsequently maintained on a mixture of 1.5-3% 
isoflurane and 0.8 1/min of medical grade air. The core 
body temperatures of the animals were monitored with a 
rectal probe and maintained at 37±1°C. Diffusion weight- 
ed imaging (DWI) was performed using a full birdcage 
resonator on a 4.7 T/40 cm Bruker ABX spectrometer 
equipped with a gradient coil insert as described previously 
[12]. Briefly, DWI data were collected as follows: SE: 
TR/TE=1500/45 ms; 128X128; FOV=3X3 cm; slice 
thickness=2 mm; G=10 G/cm; A=25 ms; 4 NEX; 5=10 
ms; Mactor=1550 s/mm 2 . The animals were placed in 
the magnet within the 1st hour and a half post surgery and 
data were acquired at a 2-h time point. Following imaging, 
the animals were allowed to recover from anesthesia under 
supervision. All MR images were transferred to an SGI 
UNIX workstation and were analyzed with the software 
package ANALYZE™ (CN Software, UK) in exactly the 
same manner as histologic sections were analyzed. Infarct 
assessment and hemispheric volume was obtained by 
manual tracing. The percent of hemispheric infarct was 



calculated over all slices (2 the area of lesion per slice/2 
the contralateral area per slice) for each animal using three 
data sets acquired at 2 h. T2 weighted MR images were 
acquired at 24 h and 7 days post injury and hemispheric 
infarct was calculated as described above. 

2.6. Assessment of neurologic deficit 

Each rat then was evaluated for neurological deficits 
using two graded scoring systems as previously described 
[6,7,9]. The neurologic condition of the rat was assessed at 
24 h and 7 days after the ischemic insult. The animals were 
assigned a numerical score ranging from 0 (no observable 
evidence of neurologic deficit) to 3 (most severely injured) 
as described by Bederson et al. [9]. In addition to the 
Bederson test, rats underwent various sensorimotor and 
proprioception behavioral tests further evaluating forelimb 
and hindlimb function. Collectively, the Bederson score, 
hindlimb, and forelimb individual scores were added 
together. A normal healthy rat would have a global 
neurologic score of 0. A rat with maximal neurologic 
deficit would have a global neurologic score of 7. 

2.7. Statistics 

Absolute measurements (e.g. infarct volume, densitom- 
etry) for each individual parameter were analyzed by 
parametric and non-parametric analyses of variance 
(ANOVA). Post hoc comparisons among groups were 
evaluated using Fisher's protected least significant differ- 
ences (LSD) and Dunnett's test where appropriate. Neuro- 
behavioral scores were evaluated using Kruskal -Wallis 
median test. Differences among groups were assessed 
using Mann-Whitney {/-test. 



3. Results 

3 A. Evidence of p38 phosphorylation 

To determine whether the activity of p38 MAPK was 
altered following permanent middle cerebral artery occlu- 
sion, ischemic (n=4) and control cortices (n-4) were 
subjected to Western analysis using p38 and phospho p38 
MAPK antibodies. There were no significant changes in 
non-phosphorylated p38 MAPK levels between sham-oper- 
ated and MCAO animals from 15 min to 5 days post stroke 
(figure not shown). Fig. 1 demonstrates a very rapid 
activation of p38 MAPK. Levels of phosphorylated p38 
MAPK were significantly (P<0.05) upregulated at both 15 
min (2.3-fold) and 1 h (1.8-fold) post injury compared to 
non-ischemic and sham-operated tissue. The levels re- 
turned to baseline by 4 h and there were no significant 
changes up to 5 days post injury or in sham operated tissue 
at 15 min, 1, 4, or 24 h. 
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Fig. 1. Changes in phosphorylated p38 MAPK following MCAO in the 
rat. Ischemic tissue (w=4) and control tissue {n-A) are represented as 
mean±S.E. The mean for each group is normalized to sham tissue run on 
the same gel. Comparisons were considered significant if * / > <0.05. 



3.2. Dose related neuroprotection 

In order to further evaluate whether selective p38 
inhibition, using a well-characterized p38 inhibitor, is 
neuroprotective following MCAO, simple behavioral tests 
to assess neurologic function and triphenyltetrazolium 
chloride staining for histologic measures were utilized to 
evaluate several doses of SB 239063 (w=6-10 per group). 
Control animals received an equal volume of acidified 
tragacanth (vehicle). SB 239063 provided significant 
neuroprotection in stroke (Fig. 2). The vehicle treated 
group exhibited an infarct volume of 148 ±8 mm 3 and a 
consistent neurologic grade score of 2.6±0.1. Animals, 
which received the lowest dose (5 mg/kg) of SB 239063, 
had significantly (i > <0.05) less neurologic deficits as 
evidenced by a mean neurologic score of 1.9±0.5 com- 
pared to the vehicle treated group. This neurologic protec- 
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Fig. 2. Dose-related effects of oral SB 239063 on infarct volume 
following MCAO. Oral administration of SB 239063 at 5, 15, and 30 
mg/kg significantly reduced total infarct volume at 24 h following 
MCAO (n=6-10/group). All data are represented as mean±S.E. Differ- 
ences were considered significant at * / > <0.05 and ** P<0.0\ compared 
with vehicle treated group. 



tion correlated to a 42% (7 > <0.01) reduction in total infarct 
volume (86±12 mm 3 ). The most dramatic neuroprotec- 
tion, with improvements in behavior, and reductions in 
infarct size, were observed in the group of animals treated 
with 15 mg/kg of SB 239063. Animals within this group 
had a significantly (P<0.01) lower mean neurologic score 
(1.5 ±0.3) as compared to the vehicle treated group. The 
behavioral improvements correlated to a 48% reduction in 
infarct volume (77±11 mm 3 ) which was significant (P< 
0.01) over vehicle treated animals. A higher dose of SB 
239063 (30 mg/kg) was also neuroprotective. At this dose, 
behavioral deficits were significantly (P<0,05) reduced 
and infarct volume was reduced (P<0.05) by -29%. At a 
dose of 60 mg/kg, SB 239063 did not reduce functional 
deficits (2.3 ±0.4) or confer any significant histologic 
protection (14%). Fig. 3 demonstrates that the optimal 
dose of SB 239063 (15 mg/kg) provided significant 
neuroprotection throughout the forebrain. These relation- 
ships for total infarct volume were also evident for percent 
hemispheric infarct as well as infarct measurements that 
were corrected for swelling. 

33. Development and resolution of infarct size 

To better evaluate the neuroprotective effects following 
p38 inhibition with the most effective oral dose of SB 
239063 (15 mg/kg), global neurologic deficit (GND), 
diffusion weighted imaging (DWI), and T2 weighted MRI 
were evaluated following MCAO to monitor both the 
development and resolution of the infarct. DWI was used 
to measure the early effects of cytotoxic edema to reflect 
the areas ultimately at risk of irreversible injury. This has 
been shown previously to reflect ultimate degree of injury/ 
protection in this model [12]. We have previously demon- 
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Fig. 3. Effects of SB 239063 (15 mg/kg) on infarct volume over 
sequential forebrain slices. Brain sections correspond to various distances 
from the skull landmark bregma for vehicle treated and SB 239063 (15 
mg/kg) groups. This figure demonstrates the significant neuroprotection 
exhibited throughout the forebrain as a result of oral administration of SB 
239063 (15 mg/kg). All data are represented as mean±S.E. Differences 
were considered significant at * / ) <0.05 compared with vehicle treated 
group. 
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strated a very high correlation (r>0.90, P<0.0\) between 
TTC histology and T2 weighted MRI at 24 h post MCAO. 
In this particular study, using a separate group of animals 
treated with either vehicle (n=5) or 15 mg/kg SB 239063 
(«=5), this relationship was reconfirmed and again highly 
correlative (r=0.94, P<0.01). At 2 h post injury, there 
was a significant (P<0.05) reduction in the area at risk 
(e.g. cell depolarization, diffusibility of water) for the SB 
239063 (109.7±9.7 mm 3 ) treated group compared to the 
vehicle group (160.8±9.3 mm 3 ). At 24 h post injury, there 
was ~30% reduction in infarct size between the SB 239063 
(146.8±7.8 mm 3 ) and the vehicle treated group 
(206.4± 1 1.3 mm 3 ). There was a good correlation (r=0.74, 
P<0.01) between the protection observed using early DWI 
(«= 9 /group) and 24 h T2 MR imaging (n= 9 /group). At 1 
day post MCAO, SB 239063 (15 mg/kg) therefore, 
provided dramatic neuroprotection which was associated 
with a significant (P<0.01) reduction in neurologic deficit 
from 4.4±0.4 in the vehicle treated group to 1.6±0.3 in 
animals receiving SB 239063 (15 mg/kg). At 7 days post 
MCAO, animals receiving SB 239063 (15 mg/kg) main- 
tained a 30% reduction in infarct size which was signifi- 
cant (P<0.05) compared to the vehicle treated group. The 
neuroprotection that was observed with T2 weighted MRI 
over time is represented in Fig. 4. The neuroprotection -as 
assessed by infarct size was not attributable to any 
significant differences in amount of swelling within the 
injured brain between the treatment groups. By day 7, the 
ischemic hemisphere had become significantly smaller due 
to macrophage. Identical results were obtained when the 
. infarct .volumes were corrected for swelling. At 7 days post 
injury, SB 239063 (15 mg/kg) also significantly (7 > <0.01) 
improved neurologic outcome assessed by a GND of 
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Fig. 4. Effects of SB 239063 (15 mg/kg) on infarct volume over a 7-day 
period. All data are represented as mean±S.E. Differences were consid- 
ered significant at *P<0.05 compared to vehicle, **/ > <0.01 compared 
to vehicle, and t / > <0.05 compared to day 1. 



1.2±0.2 compared to 3.8±0.5 for the vehicle treated 
group. 



4. Discussion 

4.1. p38 Mitogen activated protein kinases 

This was the first study designed to examine the 
temporal relationship of p38 activation following moderate 
focal stroke, where this type of ischemia produces a 
discrete cortical infarct. In the normal brain, p38 (non- 
phosphorylated) is present in a wide variety of cell types 
including neurons, astrocytes, endothelial cells and 
leukocytes. Following permanent middle cerebral artery 
occlusion, we did not expect or observe any changes in 
non-phosphorylated p38 MAPK at any of the time points 
(15 min to 5 days) evaluated. The levels of non-phos- 
phorylated p38 MAPK were nearly identical between both 
the ischemic and contralateral control hemispheres for 
injured and sham-operated animals. These results are 
consistent with an earlier study where Walton et al. 
reported no change in p38 MAPK levels following bilater- 
al common carotid occlusion [41]. 



4.2. p38 MAPK and delayed cell death 

In the same study, however, following 7 min of global 
ischemia, gradual changes in activated/phosphorylated p38 
MAPK activation were observed over 47 days with the 
peak appealing at 4 days [41]. This type of stimulus 
usually leads to apoptotic cell death over the course of 1 
week. Bhat et al. have studied this response in more detail 
using Nissl-stained sections and demonstrated that the loss 
of CA1 pyramidal neurons was maximal between 3 and 4 
days after ischemia. Taken together, these results along 
with several others suggest that p38 activation may play a 
role in apoptotic cell death [11,21,27,36,42]. Several 
studies have evaluated the effects of p38 inhibition follow- 
ing apoptosis [18,21,23,27,34,36,42]. In cultured cerebellar 
granule neurons, SB 203580 prevented the activation of 
caspase 3 activity as well as glutamate-induced apoptosis 
[18,23]. In PC 12 pheochromocytoma cells, withdrawal of 
nerve growth factor induces apoptotic cell death, which is 
preceded by p38 MAPK activation [27]. Within PC12 
cells, apoptosis (programmed cell death) may be regulated 
by a balance of survival promoting extracellular signal 
regulating kinases (ERK) and stress-activated protein 
kinases (SAPK) [42]. SB 203580 abolished this apoptotic 
cell death and enhanced neuronal survival within this cell 
culture system [21,42]. However, there are only limited 
studies evaluating the effects of p38 activation and inhibi- 
tion following stimuli that result primarily in necrotic cell 
death [4]. 
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4.3. Activation of the p38 pathway following focal 
stroke 

In the present study, p38 MAPK activity was evaluated 
following moderate focal stroke where cell death primarily 
occurs in cortical tissue via necrosis. Following MCAO, 
there was an early and robust activation of p38 MAPK at 
15 min post injury which was maintained at 1 h but then 
returned to baseline levels by ~4 h post MCAO. These 
data are consistent with previous data demonstrating that 
p38 MAPK activation is an early response to the cellular 
stress (i.e. ischemia, ATP depletion, ionic changes) elicited 
by severe focal ischemia [4]. The early increases in p38 
activation are also in agreement with immunohistochemi- 
cal changes in p38 MAPK phosphorylation observed in 
other models of focal stroke. In particular, p38 activity 
increased early as observed at 1, 3 and 6 h following 
thread MCAO [4], and was prolonged, remaining elevated 
for at least 24 h, following transient MCAO [22]. There- 
fore, the changes in p38 MAPK activation may be 
differentially regulated in response to either the duration 
and /or intensity of the stimuli. The rapid activation of p38 
post-ischemia may be directly neurodestructive to the 
neurons rather than inducing a delayed cell death via 
apoptosis. In this SHR model of moderate focal stroke, the 
damage is maximal within the first 24 h and primarily 
restricted to the cortex. In addition, there is little evidence 
for apoptotic cell death in this model. 

Rapid activation of p38 MAPK has also been observed 
following myocardial /ischemia reperfusion injury [34]. 
The maximal level of p38 MAPK activation in isolated 
Langerdorff perfused hearts was at 10 min following 
reperfusion which is consistent with the results obtained in 
this study. Pre-treatment with SB 203580, a specific p38 
inhibitor, significantly improved post-ischemic cardiac 
function but treatment initiated after 10 min had no effect. 
Having established significant activation /phosphorylation 
of p38 MAPK in the brain up to and including 1 h 
following moderate focal stroke, the current study was 
designed to determine whether inhibition of p38 MAPK 
activation would provide early direct neuroprotection 
following ischemia. 

4.4. Early neuronal protection using SB 239063 

SB 239063 is a second generation pyridinyl imidazole 
compound with potent activity and improved selectivity 
[4], Specific p38 MAPK inhibitors have been widely 
studied in both in vivo and in vitro models. The early rapid 
activation of p38 in this model suggests that treatment may 
be most beneficial if initiated prior to or at the time of peak 
activation. In the present study, SB 239063 (administered 1 
h pre- and 6 h post MCAO) provided significant neuro- 
protection following focal stroke. We have also previously 
demonstrated that intravenous treatment, with SB 239063, 
was neuroprotective when initiated within the first 15 min 



following MCAO [4]. In a separate study intravenous 
treatment with SB 239063 prevented activated p38 from 
phosphorylating its downstream targets at plasma levels 
that provided significant neuroprotection from brain injury 
[3]. Although we have demonstrated that SB 239063 
blocks p38 activity at 1 h and is neuroprotective when 
administered prior to or at the time of peak activation, we 
have not fully evaluated the therapeutic window for this 
class of drug. The most effective dose of SB 239063 (15 
mg/kg) was then evaluated using MR imaging to monitor 
both the development and resolution of the infarct from 2 h 
to 7 days post MCAO. There was a striking difference in 
diffusion weighted imaging (DWI) at 2 h post MCAO. The 
DWI contrast is based on lack of mobility of water in the 
extra-cellular environment. During the initial phases of 
ischemic injury, areas where the extracellular space is 
dramatically reduced (restricted for free water mobility due 
to cell swelling) are highlighted by this technique [40]. 
Therefore, it is implied that DWI measures the early 
effects of cytotoxic edema. Thus, the size of the infarct 
very early following stroke in essence reflects the areas 
ultimately at risk of irreversible injury but not necessarily 
irrevocably injured at that early time point. In fact, a good 
agreement with post-mortem histology demonstrates that 
areas at risk, as predicted by DWI early following MCAO 
in this model, do finally get damaged permanently as 
measured by TTC staining at 24 h [12]. At 24 h post 
injury, the animals treated with SB 239063 exhibited a 
30% reduction in infarct volume compared to vehicle 
treated animals. Therefore, the data demonstrate that the 
protection observed at 2 h is identical to the neuroprotec- 
tion seen at 24 h. By 7 days post injury, both infarct size 
and hemispheric size had decreased due to the phagocytic 
activity of macrophages which creates a cavitation within 
the necrotic tissue and was probably responsible for 
the decrease in hemispheric volume [13] but the 30% 
protection in the drug treated group was maintained. 
Overall, the data demonstrate that treatment with SB 
239063 (15 mg/kg) provides dramatic neuroprotection up 
to and including 7 days post MCAO. Since the protection 
observed at 7 days was identical to that assessed by DWI 
at 2 h, it appears that no additional cell death (e.g. via 
apoptosis) had occurred over 1 week. The data also suggest 
that the reduction in DWI hyperintensity observed at 2 h 
following treatment with SB 239063 may be attributed to a 
direct protective effect on brain cells. This in vivo study is 
in agreement with previous findings where SB 239063 (20 
|xM) significantly- reduced hippocampal CA1 cell death (up 
to 40%) produced by OGD in cultured organotypic brain 
slices [4]. These in vitro data suggest that p38 inhibition 
may directly, protect neurons, independent of blood flow 
effects, in addition to effects at blocking inflammatory 
cytokine /mediator production. We have previously demon- 
strated that SB 239063 has no cardiovascular or cerebro- 
vascular effects in spontaneously hypertensive rats (SHR) 
[4], SHR were chosen because they exhibit a more 
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consistent degree of brain damage following permanent or 
transient focal ischemia than do normotensive rats using 
dorsal electrocoagulation of the MCA [6] because of their 
limited collateral circulation [14-16]. These early im- 
provements in neuronal injury following p38 inhibition do 
reflect final outcome up to and including 1 week post 
injury. 

Studies are ongoing to determine the effective therapeu- 
tic window for SB 239063 following focal stroke. In 
addition multiple in vitro cell systems are being utilized to 
better understand how SB 239063 may be interfering with 
the early pathophysiological events. These detailed in vitro 
studies are necessary to fully understand the role of p38 
following ischemia and the mechanism(s) by which it can 
be beneficial. 
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Summary: We report that SB2O3580 (SB), a specific inhibitor 
of p38-MAPK, protects pig myocardium against ischemic in- 
jury in an in vivo model. SB was applied by local infusion into 
the subsequently ischemic myocardium for 60 min before a 
60-min period of coronary occlusion followed by 60-min reper- 
fusion (index ischemia). Infarct size was reduced from a control 
value of 69.3 ± 2.7% to 36.8 ± 3.7%. When SB was infused 
systemically for 10 min before index ischemia, infarct size was 
reduced to 36.1 ± 5.6%. We measured the content of phosphor- 
ylated p38-MAPK after systemic infusion of SB and Krebs- 
Henseleit buffer (KHB; negative control) and during the sub- 
sequent ischemic period using an antibody that reacts 
specifically with dual-phosphorylated p38-MAPK (Thrl80/ 
Tyrl82). Ischemia with and without SB significantly increased 
phospho-p38-MAPK, with a maximum reached at 20 min but 
was less at 30 and 45 min under the influence of the inhibitor. 
The systemic infusion of SB for 10 min before index ischemia 
did not significantly change the p38-MAPK activities (com- 
pared with vehicle, studied by in-gel phosphorylation) <20 min 



of ischemia, but activities were reduced at 30 and 45 min. 
Measurements of p38-MAPK activities in situations in which 
SB was present during in-gel phosphorylation showed signifi- 
cant inhibition of p38-MAPK activities. The systemic infusion 
of SB significantly inhibited the ischemia-induced phosphory- 
lation of nuclear activating transcription factor 2 (ATF-2). Us- 
ing a specific ATF-2 antibody, we did not observe significant 
changes in ATF-2 abundance when nuclear fractions from un- 
treated, KHB-, and SB-treated tissues were compared. We in- 
vestigated also the effect of local and systemic infusion of SB 
on the cardioprotection induced by ischemic preconditioning 
(IP). The infusions (local or systemic) of SB before and during 
the IP protocol did not influence the infarct size reduction 
mediated by IP. The observed protection of the myocardium 
against ischemic damage by SB points to the negative role 
of the p38-MAPK pathway during ischemia. Key Words: 
SB203580-— Protein kinases— p38-MAPK— Ischemia/reperfu- 
sion — Pig. 



Stressful stimuli applied as brief pulse trains condition 
most tissues so that they become more tolerant against 
longer lasting stresses, significantly delaying the onset of 
irreversible damage (1). The molecular mechanism of 
this increase in stress tolerance, especially that toward 
ischemia, is not entirely clear, but mitogen activated pro- 
tein kinases (MAPKs), which are involved in the signal- 
transduction pathways, may play a role. In previous re- 
ports we have shown that brief ischemic pulses lead to 
changes in the expression of the cardiac protooncogenes 
that may participate in the adaptive response (2,3). Since 
the protooncogene-based transcription factors are acti- 
vated by membrane and cytoplasmic signaling cascades, 
we studied the involvement of three MAPK pathways 
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(extracellular signal-regulated kinases, ERKs; stress- 
activated/c-Jun N-terminal kinases, SAPK/JNKs; and 
p38-MAPK) and found that they react to brief ischemia 
and reperfusion in a very specific way: the ERKs mod- 
erately increased activity during brief ischemia but mark- 
edly during reperfusion, the SAPK/JNKs become active 
only during reperfusion, and the p38-MAPK was acti- 
vated only during ischemia and deactivated during the 
following reperfusion and subsequent period of ischemia 
(4). MAPK pathways can also be influenced by pharma- 
cologic agents that specifically influence the activity of 
members of ihe MAPKs, particularly those of the stress- 
activated protein kinases (SAPK/JNKs, p38-MAPK) 
(5,6). A common feature of all MAPKs is their 



Benekestrasse 2, D-61231 Bad Nauheim, Germany. E-mail: 
w.schaper@kerckhoff.mpg.de 
Drs. Barancik and Htun contributed equally to this anicle. 



474 



PROTEIN PHOSPHORYLATION AND ISCHEMIA 



475 



ability to phosphorylate the transactivation domains of 
numerous transcription factors and thus modulate tran- 
scriptional activity. However, it cannot be excluded that 
MAPK activation also has effectors outside the nucleus. 
The fact that repeated brief occlusion, which can amplify 
the conditioning effect of the first occlusion, induced an 
attenuation of p38-MAPK activity suggested that p38- 
MAPK activation may cause premature ischemic cell 
death. We hypothesized that SB203580 (SB), an inhibi- 
tor of p38-MAPK, may be able to protect the heart 
against the consequences of prolonged ischemia. This 
hypothesis was tested in an in vivo model by two differ- 
ent application methods, of SB: intramyocardial and in- 
travenous infusion. 



MATERIALS AND METHODS 

The experimental protocol described in this study was ap- 
proved by the Bioethical Committee of the District of Darm- 
stadt, Germany. Furthermore, all animals in this study were 
handled in accordance with the guiding principles in care and 
use of animals as approved by the American Physiology Soci- 
ety, and the investigation conformed with the Guide for Care 
and Use of Laboratory Animals published by the U.S. National 
Institutes of Health. 

Chemicals 

Azaperone, metomidate, and piritramide were purchased 
from Janssen Pharmaceutica (Meckenheim, Germany). SB, 
protein kinase inhibitor (PKI), a-chloralose, triphenyl tetrazo- 
lium chloride (TTC), and other biochemicals were from Sigma 
(Deisenhofen, Germany). The fluorescent zinc-cadmium sul- 
fide microspheres (diameter, 2-15 \im) were purchased from 
Duke Scientific Corp (AC Leusden, Netherlands). The poly- 
clonal antibody against p38-MAPK was from Santa Cruz Bio- 
technology (Heidelberg, Germany). Phospho-p38-MAPK, 
phospho-SAPK/JNK, ATF-2, and phospho-ATF-2 antibodies 
were from New England Biolabs (Schwalbach/Taunus, Ger- 
many). Nitrocellulose membranes, rainbow molecular mass 
markers, the horseradish peroxidase-linked goat anti-rabbit im- 
munoglobulin, the enhanced chemiluminescence (ECL) re- 
agents, autoradiography films, and [t- 32 P]-ATP were from 
Amersham (Pharmacia Biotech, Europe GmbH, Freiburg, Ger- 
many). Recombinant MAPKAPK-2 (residues 46-400 encom- 
passing the catalytic domain) was expressed in Escherichia coli 
as glutathione-S-transferase fusion protein (clone provided by 
C. J. Marshall, a kind gift from P. H. Sugden) and was purified 
by glutathione-Sepharose (Pharmacia) chromatography. 

Animal preparation 

Male castrated German landrace-type domestic pigs (32.6 ± 
2.3 kg) were premedicated with azaperone (2 mg/kg of body 
weight, i.m.) and 2 mg/kg BW piritramide, s.c, 30 min before 
the initiation of anesthesia with 10 mg/kg BW metomidate. 
After tracheal intubation, a bolus of a-chloralose (25 mg/kg) 
was given intravenously. Anesthesia was maintained by a con- 
tinuous intravenous infusion of a-chloralose (25 mg/kg/h). The 
animals were ventilated artificially with a pressure-controlled 
respirator (Stephan Respirator ABV, F. Stephan GmbH, Gack- 
enbach, Germany) with room air enriched with 2 L/min of 
oxygen. Arterial blood gases were analyzed frequently to guide 



adjustment of the respirator settings. Additional doses of piri- 
tramide (10 mg) were given i.v. every 60 min. Both internal 
jugular veins were cannulated with polyethylene tubes for ad- 
ministration of saline, piritramide, and a-chloralose. Arterial 
sheath catheters (7F) were inserted into both carotid arteries. To 
measure arterial blood pressure, the left sheath was advanced 
into the aortic arch and connected with a Statham transducer 
(P23XL; Statham, San Juan, Puerto Rico). After a midsternal 
thoracotomy, the heart was suspended in a pericardial cradle. 
Arterial pressure, heart rate, and . the ECG were continuously 
monitored and recorded on the hard disk of a MacLab com- 
puter. A loose reversible ligature was placed halfway around 
the left anterior descending artery (LAD), and was subse- 
quently tightened to occlude the vessels. In pigs subjected to 
intramyocardial microinfusion, eight 26-gauge needles con- 
nected by tubing with a peristaltic pump (Miniplus; Gilson, 
Villiers-le-Bel, France) were placed in pairs along the LAD 
into the myocardium perpendicular to the epicardial surface. 
After preparation, a stabilization period of 30 min was allowed 
and the experimental protocols were started. The p38-MAPK 
inhibitor, SB, was dissolved in DMSO and finally diluted in 
Krebs-Henseleit buffer (KHB; final concentration of DMSO 
was 0.1%). For this reason, the infusion of KHB with DMSO 
served .as a negative control (KHB). . 

Experimental groups 

This study consisted of eight experimental groups (Fig. 1). 
Group I was subjected to 60 min of occlusion and 60 min of 
reperfusion (control group 1). In group n, SB (40 nM) or KHB 
(with 0.1% DMSO) was administered by local infusion for 60 
min before the index ischemia of 60 min and the following 
reperfusion period of 60 min. In group III, SB (5 mg/animal) or 
KHB was applied by systemic infusion for 10 min before the 
index ischemia (60 min occlusion and 60 min reperfusion pe- 
riods). In group IV, the animals were subjected to 40 min of 
occlusion followed by 60 min of reperfusion (control group 2). 
In group V, the animals were subjected to the preconditioning 
protocol (two cycles of 10-min ischemia and 10-min reperfu- 
sion) followed by a period of 40-min index ischemia and 60 
min of reperfusion. In group VI, SB (40 nM) or KHB was 
administered by local microinfusion for 15 min before the brief 
occlusions/reperfusions and during reperfusion periods of the 
preconditioning protocol. This was followed by 40 min of isch- 
emia and 60 min of reperfusion. In group VII, SB (5 mg/ 
animal) or KHB was applied by intravenous infusion for 15 
min before the brief occlusions/reperfusions and during reper- 
fusion periods of the preconditioning protocol. This was fol- 
lowed by 40 min of index ischemia and 60 min of reperfusion. 
In group VIE, SB (5 mg/animal) or KHB was applied by in- 
travenous infusion for 10 min before the index ischemia of 60 
min, and left ventricular biopsies for in vitro assays were ob- 
tained at the end of SB and KHB infusion and at 5, 10, 20, 30, 
45, and 60 min of the following index ischemia. Drill biopsies 
were taken from control tissue, KHB-, and SB-treated tissue 
(Fig. 1). Biopsies weighed -80 mg and were ~4 mm long (i.e., 
they reached from epi- to midmyocardium). 

Determination of infarct size 

At 45 min into the last reperfusion period, 1 g of fluorescein 
dissolved in 10 ml Ringer's solution was injected into the right 
ventricle. This stained the entire myocardium and detected non- 
reperfused tissue. Hearts with traces of nonreperfused myocar- 
dium were excluded from analysis. At the end of the experi- 
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FIG. 1. This study consisted of eight experimental groups. 
Group I was subjected to 60 min of occlusion and 60 min of 
reperfusion (control group 1). In group II, SB203580 (40 nM) or 
KHB (with 0.1% DMSO, negative control) were administered by 
local intramyocardial infusion (i.m.; infusion rate, 20 ul/min) for 60 
min before the index ischemia of 60 min and the following reper- 
fusion period of 60 min. In group III, SB203580 (5 mg/animal) or 
KHB was applied by systemic infusion (sys) for 10 min before the 
index ischemia of 60 min and the following reperfusion period of 
60 min. In group IV, the animals were subjected to 40 min of 
occlusion followed by 60 min of reperfusion (control group 2). In 
group V, the animals were subjected to a preconditioning protocol 
of two cycles of 10-min ischemia and 10-min reperfusion followed 
by the index ischemia of 40-min occlusion and a reperfusion 
period of 60 min. In group VI, SB203580 (40 nM) or KHB was 
administered by local microinfusion for 1 5 min before precondi- 
tioning and during the reperfusion phase of the preconditioning 
protocol. This was followed by index ischemia of 40-min occlu- 
sion and a reperfusion period of 60 min. In group VII, SB203580 
(5 mg/animal) or KHB was applied by systemic infusion for 1 5 min 
before preconditioning and during the reperfusion phases. This 
was followed by the index ischemia of 40-miri occlusion and the 
reperfusion period of 60 min. In group VIII, SB203580 (5 mg/ 
animal) or KHB was systematically infused for 10 min before 
index ischemia of 60 min, and left ventricular biopsies for in vitro 
assays were obtained at the end of SB and KHB infusion and at 
various intervals of index ischemia. 



mental protocol, the LAD and the aorta were occluded, 
clamped, and 500 mg of zinc cadmium fluorescent micro- 
spheres in 10 ml of Ringer's solution were injected into the 
ascending aorta. Shortly thereafter, the animals were injected 



with an intravenous bolus of 20% potassium chloride to arrest 
the heart. After excision, both atria and the right ventricle were 
removed. The left ventricle was cut into slices along the mi- 
croinfusion needle pairs perpendicular to the LAD; Heart slices 
were weighed and incubated at 37°C in 1% triphenyltetra- 
zolium chloride (TTC) in PBS, pH 7.0, for 20 min. Myocar- 
dium at risk of infarction was identified as the nonfluorescent 
(by microspheres) area by UV light (366 nm). The infarcted 
area was demarcated by the absence of the characteristic red 
TTC stain. The slices were photographed by double exposure 
with UV and artificial daylight, and the pictures were used for 
further plan ime trie evaluation. Planimetry of the infarct areas 
was performed on the basal aspect of the apex, the apical and 
basal sides of the following four consecutive myocardial slices, 
and on the apical aspect of the basal section of the left ventricle. 
We expressed infarct size (IS) as the infarct area (LA) relative 
to the risk area (RA). Infarct sizes were then averaged per 
group and depicted graphically (Figs. 3 and 5). 

Preparation of soluble and nuclear fractions 

The biopsies for the kinase assays were suspended in ice- 
cold buffer containing in mM: 20 Tris-HCl, 250 sucrose, 1.0 
EDTA, 1.0 EGTA, 1.0 dithiothreitol (DTT), 0.1 sodium ortho- 
vanadate, 10 NaF, and 0.5 PMSF, pH 7.4, (buffer A), and were 
homogenized with a Teflon-glass homogenizer. The homog- 
enates were centrifuged at 14,000 g for 30 min at 4°C. The 
supematants represented the soluble (cytosolic) fractions. The 
pellets were resuspended in buffer B containing in mM: 20 
Tris-HCl, 1,000 sucrose, 1.0 EDTA, 1.0 EGTA, 1.0 DTT, 0.1 
sodium orthovanadate, 10 NaF, 10 KC1, and 0.1 PMSF (pH 
7.4), and were centrifuged for 30 rnin at 10,000 g (4°C). The 
resulting pellets were resuspended in buffer C containing 10% 
glycerol, 20. mM Tris-HCl, 400 mM KC1, 1.0 mM EGTA, 1.0 
mM DTT, 0.1 mM sodium orthovanadate, 10 mM NaF, 0.5 mM 
PMSF, and 0.1% Triton X-100, and sonicated and used for the 
detection of transcription factor ATF-2. For the preparation of 
elecitrophpretic probes, Laemmli sample buffer was added and 
the proteins were denatured by heating. The denatured probes 
were applied to sodium dodecyl sulf ate-poly aery 1 amide gel 
electrophoresis (SDS-PAGE), and used for MAPK assays by 
in-gel kinase assays and for Western blot analysis. 

Measurement of p38-MAPK activities by 
in-gel phosphorylation 

Equivalent amounts of proteins were separated on 10% SDS- 
polyacrylamide gels containing 0.5 mg/ml of GST- 
MAPKAPK-2 46 . 400 . After electrophoresis, the gels were 
washed for 1 h with 20% (vol/vol) 2-propanol in 50 mM Tris- 
HCl (pH 8.0), followed by 1 h with 5 mM 2-mercaptoethanol in 
50 mM Tris-HCl, pH 8.0. The in-gel proteins were denatured 
by incubation for 2 h with 50 mM Tris-HCl, pH 8.0, containing 
6 M guanidine-HCl. Renaturation was achieved by incubation 
with 50 mM Tris-HCl, pH 8.0, containing 0.1% (vol/vol) Noni- 
det P-40 and 5 mM 2-mercaptoethanol for 16 h. After prein- 
cubation of gels in 40 mM HEPES (pH 8.0) containing 2 mM 
DTT and 10 mM magnesium chloride, the in-gel phosphoryla- 
tion of substrates was performed in 40 mM HEPES (pH 8.0), 
0.5 mM EGTA, 10 mM magnesium chloride, 1.0 u-M protein 
kinase A inhibitory peptide, and 25 \xM [t- 32 P]-ATP (5 u-Ci/ 
ml) at 25 °C for 4 h. In some experiments, the sample prepa- 
ration, incubation of gels, and phosphorylation were performed 
in the presence of 50 nM SB. After extensive washing in 5% 
(wt/vol) trichloroacetic acid containing 2% (wt/vol) sodium py- 
rophosphate, the gels were dried, and quantitative analysis was 
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performed using a Phosphorimager SF (Molecular Dynamics, 
Krefeld, Germany). 



Immunoblot analysis 

Soluble or nuclear fractions of heart were subjected to SDS- 
PAGE in 10% polyacrylamide gels, and proteins were trans- 
ferred onto nitrocellulose membranes. Anti-p38-MAPK, anti- 
phospho-p38-MAPK, anti-phospho-SAPK/JNK, anti-ATF-2, 
and anti-phospho-ATF-2 antibodies were used for primary im- 
munodetection. The secondary antibody directed against all 
antibodies was peroxidase-labeled anti-rabbit immunoglobulin. 
Bound antibodies were detected by the ECL Western blot de- 
tection method. 



Statistics 

For the IS quantification, we used the unpaired Student's t 
test; p < 0.05 was accepted as significant. For in-gel phosphor- 
ylation and Western blot assays, the SB-treated tissue biopsy 
material was compared with control (untreated) and KHB- 
treated tissue (negative control). The differences were evalu- 
ated with a Student's t test. The accepted level of significance 
was p < 0.05. 



RESULTS 

Hemodynamic data 

The infusion of SB, systemic and local, had no effect 
on blood pressure and heart rate. Coronary occlusion 
produced a decrease in blood pressure that usually re- 
turned to normal values before reperfusion. 

The effect of SB203580 infusion on infarct size 

The effects of local and systemic infusions of the p38- 
MAPK inhibitor SB on IS in pig myocardium are shown 
in Figs. 2 and 3. The local intramyocardial infusion of 
SB203580 (40 nM) for 60 min before index ischemia 
(group II) significantly reduced infarct size from 69.3 ± 
2.7% (control, group I) to 36.8 ± 3.7% (p < 0.002; Fig. 
3). When SB was infused intravenously (5 mg/animal) 
for 10 min before the onset of 60-min coronary occlusion 
(group HI), we also observed a significant reduction of IS 
as compared with control (group I; 36.1 ± 5.6% for SB, 
69.3 ± 2.7% for control). The remaining infarcts were not 
solid but rather spotty. Important also is the fact that both 
local and systemic infusions of KHB/DMSO (0.1% 
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FIG. 2. Intramyocardial infusion of SB203580 (group II; A) and systemic infusion of SB203580 (group III; B) before index ischemia of 
60-min occlusion followed by reperfusion of 60 min. The needles for intramyocardial microinfusion were placed into me subsequently 
ischemic part of the left ventricle. The fluorescent microspheres demarcate the nonfluorescent area of risk. After TTC staining, the 
myocardial protection was defined as stained tissue surrounding the microinfusion needles in transmurally infarcted myocardium. A: 
Microinfusion of SB203580 (40 nM, needle on the right). B: Systemic infusion of SB203580 (5 mg/animal). C: Index ischemia for 60-min 
occlusion followed by reperfusion of 60 min (control group 1). 
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FIG. 3. Effect of local intramyocardial (group II) and 
systemic infusion (group III) of SB203580 before in- 
dex ischemia on infarct size in pig myocardium. 
Group II: Effect of KHB/DMSO infusion on infarct 
size. Values are expressed as percentage of the 
area at risk of infarction (group I, control group 1). 
Each bar represents the mean ± SEM. *p < 0.002 
(vs. group I). 



DMSO in KHB, negative control) before index ischemia 
did not influence the IS as compared with control (Fig. 
3). 

The effect of SB203580 on ischemic preconditioning 

The effect of local and systemic infusion of SB on 
cardioprotection by ischemic preconditioning is shown 
in Figs. 4 and 5. When SB was applied locally before and 
during the ischemic preconditioning protocol (group VI), 
the IS represented 3.8 ± 0.5%. This IS was significantly 
lower than that in control 2 (group IV; IS, 54.0 ± 2.5%) 
and was not different from group V (IS, 2.5 ± 0.7%; Fig. 
5). Systemic application of SB203580 before and during 
the preconditioning protocol (group VII) did not influ- 
ence the IS limitation mediated by ischemic precondi- 
tioning (3.2 ± 0.5% for SB systemic; Fig. 5). Also in this 
case, IS was significantly lower than in the control group 
2 (group IV). These results show that the infusion (local 
or systemic) of SB before and during ischemic precon- 
ditioning did not influence the IS limitation mediated by 
ischemic preconditioning. The infusion of KHB/DMSO 
before and during the preconditioning protocol did not 
influence the effect of ischemic preconditioning (Fig. 5). 

Effect of SB203580 on p38-MAPK activities 

The p38-MAPK activity and the phosphorylation state 
of this enzyme were investigated during index ischemia 
that followed the systemic infusion of SB or of the sol- 
vent. The ventricular drill biopsies were taken from the 
ischemic and nonischemic regions at time points de- 
scribed in the experimental protocol VIII (Fig. 1). Using 
an antibody that reacts specifically with dual- 
phosphorylated p38-MAPK (Thrl80/Tyrl82), we inves- 
tigated the content of phosphorylated p38-MAPK after 
systemic infusion. In both SB and KHB infusion, we 
found a significant increase of phospho-p38-MAPK dur- 
ing ischemia (Fig. 6A and B), with a maximum reached 
at 20 min of ischemia and without significant differences 
between KHB- and SB-treated tissue. Only at 30 and 45 
min of ischemia did SB significantly reduce the content 
of phospho-p38-MAPK. With an antibody that reacts 



specifically with the phosphorylated form of SAPK/ 
JNKs, we did not detect significant changes in phosphor- 
ylation of these kinases during ischemia after SB or KHB 
treatment (Fig. 6C). Western blot assay with a specific 
p38-MAPK antibody showed that there were no signifi- 
cant changes in p38-MAPK abundance when cytosolic 
fractions from untreated, KHB-, and SB-treated tissue 
were compared (Fig. 7A and B). Some decrease in con- 
tent of p38-MAPK after SB infusion was observed after 
45 min of ischemia, but this difference was not statisti- 
cally significant. By means of in-gel phosphorylation of 
a specific. p38-MAPK substrate (GST-MAPKAPK- 
246-4oo)» we investigated the effect of SB on p38-MAPK 
activity. We found that systemic infusion of SB for 10 
min before index ischemia did not significantly change 
the p38-MAPK activities when compared with KHB 
(DMSO) infusion ^20 min of ischemia (Fig. 8A and B). 
Only at 30 and 45 min of ischemia did SB significantly 
reduce the activity of p38-MAPK. The influence of SB 
on p38-MAPK activities during ischemia correlates with 
the observed time course of p38-MAPK phosphorylation 
(Fig. 6B). SB is an inhibitor that directly and reversibly 
influences the p38-MAPK. However, SB does not 
change the phosphorylation state of p38-MAPK itself (a 
factor important for activation of this enzyme), and after 
washout of the inhibitor by homogenization and buffer 
washes, the p38-MAPK is reactivated. For this reason, 
we investigated the p38-MAPK activities also when SB 
was present during the whole experimental procedure 
(especially by in-gel phosphorylation). In this case, we 
observed significant reduction of p38-MAPK activities 
(reduced phosphorylation of MAPKAPK-2) in the pres- 
ence of SB (Fig. 8A and C). 

Effect of SB203580 on the phosphorylation 
of ATF-2 

To determine the in vivo effect of SB on p38-MAPK 
activities, we determined also the in vivo phosphoryla- 
tion of activating transcription factor-2 (ATF-2). This 
transcription factor serves as an endogenous substrate for 
p38-MAPK, and we investigated its phosphorylation af- 
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FIG. 4. Intramyocardial infusion of SB203580 (group VI; A) and systemic infusion of SB203580 (group VII; B) before and during 
ischemic preconditioning followed by index ischemia of 60-min occlusion and reperfusion of 60 min. A: Microinfusion of KHB (needle on 
the left) and SB203580 (40 nAf, needle on the right). B: Systemic infusion of SB203580 (5 mg/animal). C: Preconditioning protocol (two 
cycles of 10-min ischemia and 10-min reperfusion; group V) followed by index ischemia of 40-min occlusion and reperfusion (60 min). D: 
Index ischemia for 40-min occlusion followed by reperfusion (60 min, group IV, control group 2). 



ter systemic infusion of SB (or KHB as negative control) 
and during the following ischemia (group VIII; Fig. 1). 
We found that the presence of SB significantly inhibited 
the ischemia-induced phosphorylation of ATF-2 (Fig. 9). 
The content of phospho-ATF-2 was decreased after in- 
fusion of SB (compared with KHB control). In negative 
controls (KHB infusion), we observed during ischemia 



increased phosphorylation of ATF-2 (maximum at 20 
min of ischemia), but the presence of SB prevented the 
ischemia-induced p38-MAPK-mediated phosphoryla- 
tion of ATF-2. Western blot assays with a specific 
ATF-2 antibody showed that there were no significant 
changes in ATF-2 abundance when nuclear fractions 
from untreated, KHB-, and SB-treated tissue were com- 
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FIG. 5. Effect of local (group VI) and systemic 
(group VII) infusion of SB203580 on the cardiopro- 
tection induced by ischemic preconditioning. Group 
IV: Effect of KHB/DMSO infusion on infarct size after 
ischemic preconditioning. Values are expressed as 
percentage of the area at risk of infarction. Group IV 
is control group 2; group V underwent the ischemic 
preconditioning protocol. Each bar represents the 
mean ± SEM. *p < 0.001 (vs. group IV). 



pared. This observation proves that the changes of phos- 
pho-ATF-2 reflect the different degree of phosphoryla- 
tion of this transcription factor. 

DISCUSSION 

The most important findings are our observations that 
(a) the inhibition of p38-MAPKinase pathway with the 
specific inhibitor SB before and during ischemia protects 
the myocardium against ischemic cell death, and (b) the 
systemic or local application of SB before and during the 



ischemic preconditioning (IP) protocol did not influence 
the IP-mediated cardioprotection. We have previously 
reported that ischemia increased p38-MAPK activity, 
that reperfusion downregulated, and that repeated brief 
ischemia further downregulated its activity (4). We 
showed also the protective effect of p38-MAPK inhibi- 
tion during ischemia (7). These results suggested an in- 
verse correlation between p38-MAPK activation and sur- 
vival (i.e., low p38-MAPK activity correlated well with 
an improved chance of survival and vice versa). Because 
uninterrupted ischemia is the fastest way to cell death, 
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FIG. 6. Effect of systemic infusion of SB203580 and KHB on the 
phosphorylation of p38-MAPK during subsequent ischemia. SB203580 
(5 mg/animal) or KHB were applied by systemic infusion for 10 min before 
the index ischemia of 60 min, and drill biopsies were taken from control 
tissue KHB-, and SB-treated tissue. A: Western blotting analysis with a 
specific antibody against phosphorylated p38-MAPK (Thr180/Tyr182) 
Top: The effect of KHB treatment. Bottom: Results after SB203580 treat- 
ment Arrows indicate the position of the phospho-p38-MAPK C un- 
treated control tissue; CE, control, end of the experiment (non-risk area); 
0, end of KHB- or SB203580 infusion (start of ischemia). Five, 10, 20, 30 
45, and 60, time points of ischemia. B: Quantification of p38-MAPK phos- 
phorylation during ischemia after systemic infusion of KHB and 
SB203580. Data were derived from Western blot assays and are ex- 
pressed as a percentage of values for corresponding control tissue. Each 
bar represents the mean ± SEM (n = 4). *p < 0.05 (vs. KHB/DMSO) 
Quantitative analysis of Western blot records was performed using a laser 
densitometer. C: Effect of systemic infusion of SB203580 and KHB on the 
phosphorylation of SAPK/JNKs during ischemia. Top: Effect of KHB/ 
DMSO treatment. Bottom: Effect of SB203580 treatment P, positive control. 
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MAPKAPK-2 observed in the cited study was -70 nM 
and 3-10 \lM for total SAPK/JNK activity. The concen- 
tration of SB used in our study was 40 nAf. The concen- 
trations that would inhibit also SAPK/JNKs were there- 
fore not reached. Moreover, we and others found that the 
activities of SAPK/JNKs are unaffected by ischemia, and 
activation occurs only during reperfusion (4,11,12). In 
this study we did not observe stimulation (increased 
phosphorylation) of SAPK/JNKs activities during ische- 
mia. For this reason, the SAPK/JNKs are unlikely con- 
tributors in the increased phosphorylation of ATF-2 dur- 
ing ischemia. Our findings strongly suggest that p38- 
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FIG. 7, Effect of systemic infusion of SB203580 (5 mg/animal) 
and KHB on the content of p38-MAPK during ischemia. A: West- 
em blot analysis with a specific antibody against p38-MAPK. 
Top: Results after KHB treatment. Bottom: After SB203580. Ar- 
rows indicate the position of the p38-MAPK. C, untreated control 
tissue; CE, control, end of experiment (non-risk area); 0, end of 
KHB or SB203580 infusion (start of ischemia); 5, 10, 20, 30, 45, 
and 60, time points of ischemia. B: Quantification of p38-MAPK 
content during ischemia after systemic infusion of KHB and 
SB203580. Each bar represents the mean ± SEM (n = 4). 



we hypothesized that p38-MAPK stimulation is the 
cause for accelerated or premature cell death. This hy- 
pothesis was tested by systemic and by local infusion of 
a p38-MAPK inhibitor, the pyridinyl imidazole com- 
pound SB. The infusion of SB markedly increased the 
tolerance to ischemia, especially when infused locally 
into the myocardium, a useful method for the study of 
tool drugs that are either too costly or too toxic for sys- 
temic use (8,9). SB also significantly reduced IS after 
systemic i.v. injection. When care was taken that the SB 
also was present during the phosphorylation step by in- 
gel phosphorylation, it exhibited a powerful inhibitory 
effect on p38-MAPK. ATF-2 is a transcription factor that 
serves in vivo as a substrate for the p38-MAPK cascade. 
We observed increased phosphorylation of this transcrip- 
tion factor during ischemia, but tie phosphorylation was 
significantly reduced as a consequence of p38-MAPK 
inhibition by SB. It was reported that SB at high con- 
centrations inhibits 52- and 54-kDa SAPK/JNK but not 
the 46-kDa JNK-1 (10). Ten micromolar SB completely 
inhibited the 54-kDa SAPK/JNK and partially inhibited 
the activity of 52-kDa SAPK/JNK. The IC 50 for 
inhibition of p38-MAPK-mediated stimulation of 
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FIG. 8. Effect of systemic infusion of SB203580 (5 mg/animal) 
and KHB on the activity of p38-MAPK during ischemia. A: The 
in-gel phosphorylation of MAPKAPK-2 was performed as de- 
scribed under Materials and Methods. Top: Gel after KHB infu- 
sion. Middle: Gel after SB203580 infusion. Bottom: In-gel phos- 
phorylation of MAPKAPK-2 in the presence of SB203580. The 
arrows indicate the positions of p38-MAPK. C, control tissue; CE, 
control, end of experiment (non-risk area); 0, end of KHB or 
SB203580 infusion (start of ischemia); 5, 10, 20, 30, 45, and 60, 
time points of ischemia. B: Quantification of p38-MAPK activation , 
during ischemia after systemic infusion of KHB and SB203580. 
Data were derived from in-gel kinase assays and are expressed 
as a percentage of value for corresponding control-untreated tis- 
sue. Each bar represents the mean ± SEM (n = 4). *p < 0.05 (vs. 
KHB/DMSO). C: Quantification of p38-MAPK activities from gels 
when SB203580 was absent (-) or present (+) during in-gel phos- 
phorylation. Each bar represents the mean ± SEM. # p < 0.05 (vs. 
SB). Quantitative gel analysis was performed using Phosphorim- 
ager SF (Molecular Dynamics). 



J Cardiovasc Pharmacol™, Vol. 35, No. 3 t 2000 



482 



M. BARANCIK ET AL 




P-ATF-2 



C DM 5 10 20 30 45 60 CE 



C SB 5 10 20 30 45 60 CE 

c 



| nKHB oSB | 




FIG. 9. Western blotting analysis with a specific antibody 
against phospho-ATF-2. A: After KHB treatment. B: After 
SB203580 treatment. Arrows indicate the position of the phos- 
pho-ATF-2. C, untreated control tissue; CE, control, end of ex- 
periment (non-risk area); DM, end of KHB infusion; SB, end of 
SB203580 infusion (start of ischemia); 5, 10, 20, 30, 45, and 60, 
time points of ischemia. C: Quantification of content of phosphor- 
ylated ATF-2 during ischemia after systemic infusion of KHB and 
SB203580. Data were derived from Western blot assays and are 
expressed as a percentage of values for corresponding control 
tissue. Each bar represents the mean ± SEM (n = 4). *p < 0.05 
(vs. KHB/DMSO). Quantitative analysis of Western blot records 
was performed using a laser densitometer. 



MAPK is part of a pathway accelerating cell death. 
These findings are in contrast to those of others who 
found, in the rabbit, that p38-MAPK is the pathway fa- 
voring survival. In the study of Weinbrenner et al. (13), 
it was shown that ischemia caused no increased phos- 
phorylation of the tyrosine residue of p38-MAPK in the 
rabbit heart, and the increased phosphorylation occurred 
only when the heart was preconditioned. However, our 
previous findings with regard to p38-MAPK activation 
(increased phosphorylation) during ischemia (4) in pig 
myocardium are in agreement with Bogoyevitch et al. 
(11), who found in isolated rat heart that the p38-MAPK 
activity was strongly activated by ischemia alone. In con- 
trast to our findings, this activation was further increased 
during reperfusion. These somewhat divergent results 
strongly suggest the existence of species differences. Our 
results are in support of those by Ma et al. (14), who 
showed that administering SB before ischemia and dur- 
ing reperfusion completely inhibited p38-MAPK activa- 
tion and exerted a beneficial effect on the recovery of 
myocardial function and reduced the incidence of apop- 
tosis. The study of Mackay and Mochly-Rosen (15) dem- 
onstrated a protective effect of SB against extended isch- 



emia in cultured neonatal rat cardiomyocytes. These 
cited studies, which all supported the view of a negative 
survival value of p38-MAPK in ischemia, are in contrast 
to the earlier results by Weinbrenner et al. (13), who 
observed that SB completely abolished the protection 
from ischemic preconditioning in isolated cardiomyo- 
cytes and suggested a positive role of p38-MAPK in 
preconditioning. Nagarkatti and Sha'afi (16) also found 
that the protective effect of preconditioning stimuli was 
abolished in the presence of SB but not in the presence of 
MEK inhibitor PD98059 in the rat myoblast cell line 
H9C2. In contrast to the results of these studies, we 
found that both systemic and local applications of SB 
before and during brief coronary occlusions did not in- 
fluence the protection by ischemic preconditioning. 
Moreover, in contrast to the results of Nagarkatti and 
Sha'afi (16), we recently found that the MEK inhibitor 
PD98059 abolished the protective effect.of.precondition- 
ing (17). Paradoxically the study of Nagarkatti and 
Sha'afi reported a protective effect of SB203580 when 
present during the lethal ischemic stress. We found pre- 
viously that ischemia in our experimental model stimu- 
lated the p38-MAPK activity, but attenuation occurred 
during repeated ischemia (4). It is of interest that Nagar- 
katti and Sha'afi (16) support our finding that ischemic 
stress activates p38-MAPK and that preconditioning de- 
creased activation of p38-MAPK in response to repeated 
ischemia. Our results with the p38-MAPK inhibitor and 
SAPK/JNK activators (7,18,19) support those of a recent 
report by Wang et al. (20), who studied the role played 
by MKK7 and found that p38-MAPKs promote cell 
death in cultured cardiac myocytes and that the JNKs 
were important for hypertrophy but also favored sur- 
vival. It was shown that in isolated perfused rat hearts, 
ischemic stress was associated with nuclear translocation 
and activation of nuclear factor kB (NFkB), which was 
significantly blocked by genistein and SB (21). It was 
also reported that the activation of p38-MAPK and of 
NFkB leads to tumor necrosis factor (TNF) production 
(22), which contributes to postischemic myocardial dys- 
function. In isolated perfused rat hearts, it was found that 
p38-MAPK inhibition or treatment with TNF-binding 
protein decreased myocardial TNF production, cardio- 
myocyte death, and myocardial dysfunction (23). These 
observations also suggest the negative survival value of 
p38-MAPK during ischemia and show that inhibition of 
p38-MAPK increases the ischemic tolerance. 

In this study and also in our previous experiments, we 
observed two bands (protein kinases) in the range of 
38-45 kDa that use MAPKAPK-2 as a substrate in vitro. 
We investigated the specificity of the reaction for p38- 
MAPK by immunoprecipitation with a p38-MAPK poly- 
clonal antibody (C-20). The antibody is specific for p38- 
MAPK and is not cross-reactive with p38-MAPK-beta. 
The same antibody was used for detection of p38-MAPK 
content presented in this study (see Fig. 7A). We found 
that the antibody reacted very strongly with a 38-kDa 
protein of molecular mass of (p38-MAPK) and when the 
immunoprecipitate was tested by in-gel phosphorylation 
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of MAPKAPK-2, we found activity only in the range of 
38 kDa. We cannot exclude the possibility that the upper 
band of 45 kDa represents some isoform of p38-MAPK, 
but our results show that SB inhibits preferentially the 
activity of the lower (38-kDa) band. It is known that the 
p38-MAPK exists in at least six isoforrns (two alterna- 
tive spliced isoforrns a and (3 and isoforrns t and 8). 
These p38-MAPKs differ in their sensitivity to stimula- 
tion, inhibitor sensitivity, and also substrate specificity. 
We cannot exclude the possibility that more than one 
isoform of p38-MAPK is activated during myocardial 
ischemia. However, PC12 cells showed a selective acti- 
vation of p38-MAPK-a and p38-MAPK-7 by hypoxia 
(24). Hypoxia had no effect on the activity of the (3 and 
8 isoforrns. Our results obtained with SB in vitro (phos- 
phorylation step of in-gel assay; Fig. 8A and C) show 
that SB fully inhibited the ischemia-induced p38-MAPK 
activity. It has been described that the 7 and 8 isoforrns 
are resistant to inhibition by SB (25,26). This would 
suggest that these two p38-MAPK isoforrns (7 and 8) are 
not involved in the effects of SB during ischemia and in 
mechanisms leading to ischemic death. 

In conclusion, we provide detailed information about 
the detrimental effect of p38-MAPK activation during 
ischemia, which can be inhibited by SB. We have pro- 
vided further evidence for our hypothesis that ischemia/ 
reperfusion activates different signaling cascades with 
opposing effects on survival, of which the ERKs and the 
SAPK/JNKs favor survival, and the p38-MAPKs accel- 
erate cell death. The development of future treatment 
strategies for ischemic syndromes may find these obser- 
vations useful. 
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